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The  first  chapter  introduces  the  background  about  energy  storage  and  lithium  
ion  battery.  The  concepts  of  graphene,  carbon  nanotube,  and  carbon  aerogel  were  
covered  as  well.  Then  powder-­‐‑based  metal  oxide-­‐‑carbon  composite  materials  and  
binder-­‐‑free  CNT-­‐‑metal  oxide  films  for  lithium  storage  applications  were  further  
elaborated.  Finally,  the  significance  of  our  research  was  summarized.  
The  second  chapter  is  about  freestanding  and  highly  conductive  
Fe3O4/Graphene/CNT  film  as  lithium-­‐‑ion  battery  anodes.  Iron  oxide  is  intensively  
studied  as  a  lithium-­‐‑ion  battery  anode  material  due  to  its  high  theoretical  specific  
capacity,  but  it  has  low  conductivity  and  poor  cycling  performance.  Herein,  we  present  
the  design  of  freestanding  Fe3O4/graphene/Carbon  nanotube  film  via  in-­‐‑situ  growth  by  
solvothermal  reaction,  vacuum  filtration  and  annealing  methods.  The  film  had  a  sheet  
resistance  of  23  Ω/☐  and  a  BET  surface  area  of  132  m2/g.  The  synergistic  effect  of  
graphene  and  CNTs  provide  a  flexible  matrix  to  accommodate  the  volume  change  of  
metal  oxide  in  lithium  ion  batteries  application.  This  lightweight  film  was  tested  without  
using  a  current  collector,  binder  and  conducting  additives,  eliminating  unnecessary  
weight  in  the  overall  devices.  The  film  shows  excellent  cyclic  performances,  and  stable  
rate  capability.  The  specific  capacity  retained  803  mAh/g  at  the  rate  of  200  mA/g  after  50  
cycles.  This  method  demonstrated  a  promising  path  for  flexible  energy  storage  devices.  
    
v  
The  third  chapter  discusses  facile  synthesis  of  three-­‐‑dimensional  TiO2/carbon  co-­‐‑
aerogel  nanostructures  and  their  applications  for  energy  storage.  In  the  field  of  energy  
storage,  it  is  important  to  design  new  materials  and  understand  the  fundamental  
principles  of  the  electrode  structure.  Facile  synthesis  of  TiO2/carbon  co-­‐‑aerogel  material  
via  a  sol-­‐‑gel  method  was  discussed.  This  new  material  was  composed  of  a  3-­‐‑D  
interconnected  network  of  TiO2  and  carbon  aerogel.  TEM,  SEM,  XRD,  BET  SA,  and  
electrochemistry  measurements  were  discussed.  With  an  operating  voltage  between  0.05  
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surface  area  of  TiO2-­‐‑carbon  co-­‐‑aerogel  samples  with  different  TiO2  ratio  (d).  TEM  images  
contributed  by  our  collaborator  Dr.  Haiyan  Wang.  ...............................................................  68	  
Figure  50: The  1st  and  10th  galvanostatic  charge  and  discharge  curves  of  the  TiO2/carbon  
co-­‐‑aerogel  (a)  and  reference  carbon  aerogel  (b)  at  a  rate  of  1C  (=  168  mA/g)  in  0.05-­‐‑3.0  V  
vs.  Li+/Li  window.  Scan  rate  performance  (from  1C  to  50C,  then  back  to  1C)  for  co-­‐‑
aerogel  in  comparison  to  carbon  aerogel  (c).  The  1st  and  10th  galvanostatic  charge  and  
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1. Introduction 
1.1 Energy storage and lithium ion battery  
Traditional  fossil  fuels  are  finite  energy  resources.  According  to  data  from  US  
Energy  Information  Administration,  about  84%  of  our  energy  supply  relies  on  fossil  
fuels.  Specifically,  38%  energy  supply  is  from  petroleum,  25%  from  natural  gas,  and  21%  
from  coal  (Figure  1).  It  is  estimated  that  the  coal  reserve  can  provide  more  than  100  years  
for  human  beings.    Moreover,  the  awareness  has  also  been  raised  in  global  warming  
effect  and  climate  change.  Human  activities  also  have  a  significant  impact  on  the  
environment.  For  instance,  the  CO2  is  a  primary  green  house  gas  emitted  from  the  
combustion  of  fossil  fuel  resources.  Figure  2  shows  the  US  CO2  emission  mainly  from  
converting  fossil  fuel  to  electricity  (38%),  and  combustion  of  gasoline  and  diesel  in  
transportation  (31%).  Fossil  fuels  are  finite  sources  and  their  waste  emissions  have  
negative  effect  on  the  environment.  It  is  important  to  develop  alternative  renewable  
energy.  Renewable  energy  refers  to  solar,  wind,  biomass,  geothermal,  and  hydropower  
energy,  to  name  just  a  few.  They  are  clean,  emission-­‐‑free,  and  abundant  in  nature.  
However,  these  energy  resources  are  intermittent  and  unevenly  distributed  on  the  earth,  
which  means  they  are  not  continuously  available  during  the  whole  day.  As  a  result,  
energy  storage  is  essential  for  the  sustainable  future.      
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Figure  1:  US  Energy  Consumption  by  Source.  Source:  US  Energy  Information  
Administration  
  
Figure  2:  US  carbon  dioxide  emission.  Source:  US  EPA  Government.  
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Energy  storage  is  essential  for  future  renewable  energy  applications.  In  the  past  
decade,  there  are  numerous  research  aimed  to  meet  the  ever-­‐‑increasing  demand  for  
renewable  energy  resources  and  energy  storage  devices.  Generally,  batteries,  
electrochemical  capacitors  (ECs),  and  fuel  cells  are  the  three  main  electrochemical  
systems  used  in  energy  storage.  Compared  to  EC  and  fuel  cells,  batteries  have  gained  
the  established  market  position  so  far.1  Among  batteries,  rechargeable  batteries  are  the  
most  successful  technologies  that  can  repeatedly  generate  electricity  from  stored  
materials  via  electrochemical  reactions  (Figure  3).2  Obviously,  lithium  ion  batteries  
(LIBs)  are  the  most  popular  rechargeable  batteries.  LIBs  store  1-­‐‑3  times  more  energy  per  
unit  weight  and  volume  than  lead-­‐‑acid  or  Ni-­‐‑Cd  batteries.3    Figure  4  shows  LIBs  have  
high  specific  energy  (150–200  W  h/kg,  here  specific  energy  refers  to  how  far  a  car  can  go  
on  a  single  charge,  while  specific  power  refers  how  fast  a  car  can  go  on  a  single  charge),  
and  they  are  widely  used  in  portable  electronic  devices,  such  as  cell  phones  and  laptops.  
LIB  is  also  promising  candidate  for  next-­‐‑generation  electric  vehicles.  For  example,  Tesla  
Roadster  is  an  electric  vehicle  powered  by  LIBs.    
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Figure  3:  Representative  applications  for  rechargeable  batteries.2  
  In  spite  of  the  current  progress  in  the  fields  of  LIBs,  the  challenges  for  LIBs  still  
remain  in  aspects  of  improving  specific  energy  and  power  (Figure  4),  fast  charging  
process,  stable  cyclic  stability,  long  service  time,  and  safety  issues.  4-­‐‑6  For  instance,  the  
Apple  MacBook’s  battery  is  designed  to  deliver  up  to  1000  full  charge  and  discharge  
cycles  before  it  reaches  80  percent  of  its  original  capacity.  To  reach  these  goals,  high  
specific  capacity,  wide  cell  voltage  windows,  and  highly  reversible  reactions  even  after  
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materials and electrolytes, as outlined in  Figure  3 . In the 
early era of lithium cells, metal chalcogenides (e.g., TiS 2 and 
MoS 2 ) and manganese or vanadium oxides were used as the 
positive electrode to pair with the metallic Li or the graphite 
anode and led to the commercial success of rechargeable 
Li-ion batteries. [8] During the last decade, the introduction of 
high-capacity lithium-storage materials such as Sn/Si alloys 
and transition metal oxides has fostered the development 
of high-energy batteries. [ 9 ] Recently, considerable interest 
has been directed to polyanion-based compounds (LiFePO 4 
in particular), which potentially allow for low cost and high 
safety. Furthermore, one research trend is to look for renew-
able organic electrode materials that agree with the sustaina-
bility concept. Comprehensive summaries of developments in 
lithium-ion batteries can be found in a number of books and 
review articles. [ 8–17 ] Here, instead of giving a thorough survey, 
we provide a review of the latest progress, with a main focus 
on the new cathode and anode materials and novel electrode 
structures, such as nanostructures and nanocomposites. 
 2.1. Cathode Materials 
 2.1.1. Lithium metal oxides 
 Lithium transition metal oxides now represent the most mature 
lithium-insertion cathode materials. [ 18 ] They can be classifi ed 
structural stability during charge/discharge cycles; iii) faster 
ionic diffusion and electronic transfer at high discharge/charge 
rate; and iv) lower cost, higher safety, and more environmental 
friendliness. In this article, we review recent advances in key 
functional materials developed for current prevailing recharge-
able batteries, with a focus on Li-ion, Ni-MH, lead acid, vana-
dium redox fl ow, and Na-S cells. 
 2. Functional Materials for Rechargeable 
Lithium-Ion Batteries 
 Undoubtedly, lithium-ion batteries are the most popular 
rechargeable batteries. During the past three decades, tre-
mendous research effort has been devoted to investigating 
the electrochemical performance of a wide variety of active 
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 Figure  1 .  Material chemistry of representative rechargeable batteries.  φ o 
and  E o are the standard reduction potential of the half cell and the overall 
cell at 25  ° C, respectively. For the Na-S system, the electrode potential 
varies with operating temperature. 
 Figure  2 .  Representative applications for rechargeable batteries. 
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Figure  4:  The  comparison  of  specific  power  and  specific  energy  of  energy-­‐‑
storage  devices  known  as  a  Ragone  plot.6  
1.1.1 Structure of LIB 
In  1991,  Sony  released  the  first  commercial  lithium  ion  battery.  The  commercial  
LIB  is  composed  of  lithium-­‐‑cobalt  oxide  (LiCoO2)  cathode,  a  porous  electrically  
insulating  separator,  organic  electrolyte  containing  lithium  hexafluorophosphate  (LiPF6)  
salt  with  ethylene  carbonate-­‐‑organic  solvent  mixture,  and  graphite  anode,  as  illustrated  
in  Figure  5.  The  structure  of  the  LiCoO2  can  be  considered  as  a  cubic  close  packed  array  
of  oxide  ions  with  Co  (III),  while  lithium  ions  occupy  the  octahedral  voids  in  alternate  
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sheets.8  Upon  charging  process,  the  lithium  ions  are  extracted  from  the  LiCoO2  cathode,  
migrated  through  the  electrolyte,  and  inserted  into  the  graphite  layers  in  the  anode.    
  
  
Figure  5:  Typical  commercial  Li–ion  battery  showcasing  the  charge/discharge  
intercalation  mechanism.9  
Conventional  approach  to  make  LIB  anode  electrode  is  described  as  ‘slurry-­‐‑cast’  
method.  Briefly,  the  paste  is  composed  of  electrochemically-­‐‑active  material,  binder,  and  
conductive  additives,  according  to  the  weight  ratio  of  8:1:1.  Then  the  organic  solvent  (e.g  
N-­‐‑Methyl-­‐‑2-­‐‑pyrrolidone,  NMP)  is  added  into  the  mortar  to  dissolve  the  binder  (e.g.  
Polyvinylidene  fluoride,  PVDF).  Then  active  material  together  with  conductive  additives  
(e.g.  carbon  black)  is  added  into  the  glue  and  mixed  well.  Finally,  the  glue-­‐‑like  paste  is  
casted  on  Cu  foil  current  collector.  This  metal  foil  is  heated  in  a  70  °C  oven  to  remove  the  
This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 1384–1404 1385
layers in the anode. Discharge is the reverse of this process.
The electrons, of course, pass through the external circuit.
Heavily research anode materials nclude carbon,20
silicon,21–23 titanium dioxide,24 and tin25 among others, while




14,29,30 to name a few. These materials
are rated by their specific (gravimetric) capacity (mAhr/g),
calculated from their charge/discharge graphs (galvanostatic
voltammograms), as well as the degree that this capacity
changes upo cycling a at high power demands. This
capacity highlights how much charge can be stored in a given
mass of mat rial befor the pot n ial exceeds its electr -
chemically reversible window. However, when one compares
these capacities from one material to another they must take
into account the potential window, electrolyte used, composition
of the electrode (additives), charge/discharge efficiency as well
as their volumetric and areal capacities all of which may or
may not be included by the authors.
Supercapacitors are capacitors that contain an electrolyte
solution in place of a dielectric layer. They are called ‘‘super’’
because of their extraordinarily high energy density when
compared to traditional electrolytic or electrostatic capacitors.
These devices can be composed using the same material for the
cathode and anode as in a symmetric device or use different
materials for each as in an asymmetric device.
Supercapacitors can be divided into two separate types
depending on their charge storage mechanism: Electrochemical
Double Layer Capacitors (EDLCs) and Pseudocapacitors.
EDLCs store their charge in the double layer that forms
between the electrode material and the electrolyte upon charging
(Scheme 2). Therefore, traditional materials for these devices
have included high surface area carbons16 and nanostructured
conductive substrates such as TiO2 nanotubes.
31
Pseudocapacitors do not rely on the traditional charge
separation mechanism that is typical of a capacitor. They rely
on a fast surface or near-surface faradaic charge-transfer
mechanism which gives them their ‘‘pseudo’’-capacitive behavior
(Scheme 3). Thus, their electrochemical properties are nearly
Scheme 1 Typical commercial Li–ion battery showcasing the
charge/discharge intercalation mechanism.
Scheme 2 Illustration showing the double layer formation of a
typical EDLC electrode with IHP and OHP standing for the inner
Helmholtz plane and outer Helmholtz plane, respectively. The graph
represents the potential gradient across the double layer with FS and
FM corresponding to the potential of the electrolyte solution and the
potential of the electrode metal, respectively.
Scheme 3 Charge storage mechanism of pseudocapacitive materials
showing the surface charge transfer reaction.
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liquid  solvent  before  transferring  to  overnight  vacuum-­‐‑dried  oven  at  120  °C  to  
completely  remove  the  organic  solvent.  
The  above-­‐‑mentioned  ‘slurry-­‐‑cast’  method  has  its  own  limitations.  First,  there  are  
several  components  give  extra  weight  in  the  electrode,  such  as  Cu  foil  current  collector,  
the  PVDF  binder,  and  conductive  carbon  additives.  Moreover,  their  contribution  to  
specific  capacity  is  negligible.  Second,  the  electrode  structure  design  is  simple,  and  the  
electron  pathway  connected  by  carbon  black  particles  may  not  be  efficient  (Figure  6).  
Failure  of  the  electrical  contact  happens  during  the  charging-­‐‑discharging  process,  and  
the  amount  of  active  material  in  the  electrochemical  reaction  is  reduced.  As  a  result,  the  
capacity  fades  quickly  upon  repeated  cycles.    
  
Figure  6:  Schematic  of  laptop’s  battery:  Powder  composites  where  the  active  
material  is  blended  with  carbon  powder  to  improve  electron  mobility  through  the  
composite  structure.6  
In  LIBs,  electrode  material  is  an  important  component.    The  reason  is  that  the  
battery’s  overall  performances,  specific  capacity,  cost  and  safety  all  depend  on  the  
electrode  material.  Our  work  focuses  on  the  study  of  LIB  anode  material,  because  there  
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are  a  lot  of  challenges  to  improve  current  commercialized  graphite  based  anode  
material.  Graphite  has  a  theoretical  specific  capacity  of  372  mAh/g  for  the  end  
compound  LiC6,  which  is  relatively  low  compared  with  other  anode  material  candidates.  
Furthermore,  graphite  material  performance  is  not  stable  and  specific  capacity  decreases  
quickly  especially  at  high  current  density,  which  is  not  desirable  to  meet  future  
requirements  in  various  applications.  
1.1.2 Alternative LIB anode materials and iron oxides 
In  addition  to  the  above  mentioned  graphite  anode  material,  several  alternative  
anode  materials  have  been  studied  as  well.  As  summarized  in  Figure  7,  anode  materials  
can  be  further  categorized  into  three  lithium  ion  reaction  mechanisms.  The  first  type  is  
lithium  insertion  reaction.  Graphite  belongs  to  this  type,  and  the  specific  capacity  is  
relatively  low.    
The  second  type  is  lithium-­‐‑metal  alloy  material.  Anode  materials  such  as  Si,  Ge  
and  Sn  can  be  used  to  form  alloys  with  lithium  ions.  Such  metals  provide  high  specific  
capacity  (Figure  8),  but  they  suffer  the  problem  of  huge  volume  change  during  lithium  
alloying  process.  As  a  result,  the  mass  production  for  commercialized  LIB  application  is  
hindered  due  to  the  pulverization  phenomenon.    
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Figure  7:  A  schematic  representation  of  the  different  reaction  mechanisms  
observed  in  electrode  materials  for  lithium  batteries.  Black  circles:  voids  in  the  crystal  
structure,  blue  circles:  metal,  yellow  circles:  lithium.8  
  
Figure  8:  Specific  capacities  and  capacity  densities  for  selected  alloying  
reactions.  Values  for  graphite  are  given  as  a  reference.8 
which has a lower price and a higher structural stability, can be
used (0.1 x r 0.3) inst ad. Recent progress in the study of
layered LiMO2 phases led to the satisfactory evaluation of
LiNi1!y!zMnyCozO2 phases, among which LiNi1/3Mn1/3Co1/3O2
has raised the most interest, since it yields capacities over
200 mA h g!1 through the oxidation of divalent nickel,
followed by cobalt, while manganese ions remain in the +4
oxidation state. Alternatively, batteries using manganese
oxides16 have also been commercialised. These have the
advantage of a minor price and a lower toxicity but the
disadvantages of inferior specific capacity (120 mA h g!1 for
LiMn2O4) and poorer performance upon ageing due to
manganese dissolution by traces of HF, which may be formed
by the slight decomposition of the LiFP6 in the electrolyte,
caused by traces of water. Fundamental studies indicate that
these issues could be overcome to meet commercial standards
through the knowledge of structure–property relationships.17
Negative electrode materials in all current commercial
lithium–ion batteries are carbonaceous. However, even if their
chemical formula is the same, this by no means implies that
they all have the same characteristics. Indeed, many types of
carbon materials are available,18 and the intercalation process
is strongly influenced by their surface area, morphology,
crystallinity and orientation of the crystallites. Indeed, they
present a large variety of degrees of graphitization and layer
ordering. In addition to pure hexagonal 2H (ABABAB stacking)
and rhombohedral 3R (ABCABC stacking), partially ordered
materials are common, and commonly described by the
relative fractions of 2H, 3R and random stacking. Disordered
stacking arrangements include both turbostratic (when
graphitic planes are still parallel but shifted or rotated) and
cases in which the planes are not parallel (commonly termed
unorganized carbon). Highly disordered carbons achieve
larger lithium intercalation values, but their poorer reversibility
has resulted in commercial batteries being mostly based on
graphitic carbon. In this case, the lithium uptake is LiC6
(with 372 mA h g!1 capacity) and is concomitant with a
transformation to AAAA stacking.
Electrolyte
Conventional lithium–ion battery electrolytes consist of LiPF6
dissolved in a mixture of organic solvents, since these solutions
offer very high ionic conductivities (410!3 S cm!1) and are
compatible with the battery voltage operation window. They
are always based on carbonate solvents, which are aprotic,
polar and have a high dielectric constant, which enables them
to solvate lithium salts to high concentrations (41 M).
Commercial mixtures differ depending on the manufacturer,
but generally contain two to four solvents, one of them always
being ethylene carbonate (EC), which has a high dielectric
constant. Since its melting point is relatively high (36.4 1C),
low viscosity co-solvents are typically used. These are most
typically linear alkyl carbonates, such as dimethyl carbonate,
diethyl carbonate or ethyl methyl carbonate.19 The presence of
EC is critical for the reversibility of the reaction at the
negative electrode because it decomposes reductively on the
graphite surface upon first charging at around 0.8 V vs.
Li+/Li0, forming an SEI layer of decomposition products
(see Fig. 4).20 Its composition is not fully ascertained, but
Fig. 5 A schematic representation of the different reaction mechanisms observed in electrode materials for lithium batteries. Black circles: voids in
the crystal structure, blue circles: metal, yellow circles: lithium.

































density of the cell. To partially conquer this shortcoming, Sun
and co-workers developed a special synthesis route to prepare
nano-structured LiFePO4 with micrometer-sized secondary
particles, nanometer-sized primary particles, and percolated
electrolyte diffusion channels throughout the secondary
particle to facilitate the Li+ ion diffusion.[42] As an alternative
approach to improve the energy density, the Fe in LiFePO4
was replaced with other transition-metals, such as Mn, Co,
and Ni, to raise the working potential.[43]
2.2. Anode Materials
The thermal stability of lithiated graphite remains the
biggest concern from the perspective of the battery safety,
especially for large-format lithium-ion cells and battery packs
for automotive and grid applications. For instance, a fully
charged lithium-ion cell can undergo thermal runaway when
exposed to an external temperature of 160 8C or above.[9] The
thermal runaway involves a set of self-accelerating chemical
reactions, which, once triggered, can generate an exothermic
heat flow that is larger than the heat dissipation rate to the
environment. This excess heat increases the cell temperature,
resulting in accelerated chemical reactions, exothermic heat
flow, and higher temperature. Once triggered without exter-
nal intervention, the thermal runaway will continue until the
reactants are depleted. Chen and co-workers showed that the
exothermal reaction in the temperature range between 110 8C
and 180 8C observed in lithiated carbon in the presence of
electrolyte was caused by the continuous decomposition/
formation of a solid electrolyte interphase (SEI).[6d] This
exothermic reaction depends mostly on the surface area of
carbon. Higher surface area carbon can result in more SEI
and therefore more heat generation during thermal decom-
position. This initial reaction, which occurs at about 110 8C,
can further trigger other exothermal reactions in the cell.
Therefore, the latest work on graphitic anodes mainly focuses
on the development of a stable artificial solid electrolyte
interphase to stabilize the lithiated graphite and improve both
safety and cycling performance.
The solid electrolyte interphase is generally formed
during the initial charging process of a fresh lithium-ion cell
using a graphite anode and an ethylene carbonate/LiPF6-
based non-aqueous electrolyte in the potential window 0.6–
1.3 V versus Li+/Li.[44] It is commonly agreed that conven-
tional SEI formed on graphite is generally compose of
organic components and some inorganic components, such as
LiF, Li2O, and Li2CO3; these inorganic components are
insulators to both Li+ ions and electrons. Therefore, boron-
based Lewis acid,[45] or anion receptors, such as tris(penta-
fluoro phenyl)borane (PTFPB) were proposed as an electro-
lyte additive to dissolve the inorganic components in the
SEI.[46] As a result, both the rate capability and cycling
performance were improved when the correct amount of
anion receptor was added to the electrolyte.[46] When an
excess of anion receptor is added, it tends to promote the
formation of SEI,[46] which could be the reason behind the
improved thermal stability of lithiated graphite at elevated
temperatures.[45g]
The alternative approach is to form an artificial SEI with
better thermal stability at a potential higher than 1.3 V versus
Li+/Li during the initial formation process, in which case the
lithiated graphite is still protected by the artificial SEI even if
the conventional one decomposed under a certain condition.
The class of functional materials that can form the artificial
SEI generally has one or more unsaturated bond and/or cyclic
structure in the molecule, which can be electrochemically
activated to initiate the polymerization reaction on the
surface of the carbon. Some well described materials for
this purpose include 2-vinylpyridine,[47] vinylene carbonate,[48]
vinyl ethylene carbonate,[49] lithium bis(oxalato)borate,[50]
lithium difluoro(oxalato)borate,[51] lithium tetrafluoro-
(oxalato)phosphate[ZC21]. The tradeoff for this type of
material is that they generally increase the interfacial
impedance of lithium-ion cells; making some of them
unsuitable for high-power applications. Two promising addi-
tives worth mentioning are lithium difluoro-
(oxalato)borate[51a] and lithium tetrafluoro-
(oxalato)phosphate,[52] both of which provide excellent pro-
tection to improve the cycle life and thermal stability of
lithiated graphite and only a very limited increase in the
interfacial impedance of cells.
From material perspective, silicon-based anodes are the
natural choice for high energy-density batteries. It was
demonstrated in the 1970s that some metallic or semi-metallic
elements alloy with lithium at room temperature in the
presence of a non-aqueous electrolyte. These materials
offered the promise of high theoretical capacity,
900 mAhg!1 and above (Figure 5),[4] whereas graphite only
has a theoretical capacity of 372 mAhg!1. As an example, the
alloying reaction between Si and Li can lead to a final product
of stoichiometry Li22Si5, delivering a theoretical capacity of
4200 mAhg!1. However, their practical utilization in
rechargeable lithium-ion batteries is severely handicapped
because of their huge change in volume (up to 250%)[53]
during charge. As a result of such an enormous volume
change, for instance, a 40 mm bulk Si anode electrode
increases its thickness to over 150 mm, Si cannot be used in
the cell alone. If we consider the available empty volume in
the cell and that volume expansion of graphite is less than
20%, then th Si expansion that can be t le ated is l ss than
40%. In addition, if na osized Si powder is used, ev n with
a carbon coating, t e re lting electrode density s lower than
Figure 5. Specific capacities and capacity densities for selected alloying
reactions. Values for graphite are given as a reference.[4] Copyright
Royal Society of Chemistry.
.Angewandte
Reviews J. Cho, P. G. Bruce et al.
10000 www.angewandte.org ! 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 9994 – 10024
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  Si  is  a  typical  alloy  anode  material.  It  has  the  highest  known  theoretical  capacity  
(4200  mAh/g),  which  is  almost  ten  times  higher  than  graphite.  But  Si  cycling  
performance  is  poor  due  to  the  >  300  %  volume  change  during  lithium  insertion  and  
extraction  reactions.10  Cui’s  group  reported  silicon  nanowires  structure  as  high  
performance  LIB  anodes.10  These  Si  nanowires  accommodate  large  strain  without  
pulverization  compared  to  Si  film  and  particles  (Figure  9).  The  specific  capacity  
stabilized  at  3500  mAh/g  after  10  cycles.  Ozin’s  group  reported  carbon  inverse  opals  
coated  with  amorphous  silicon  as  macroporous  composite  materials.  The  inner  carbon  
matrix  provided  a  large  surface  area,  short  diffusion  lengths,  increased  conductivity,  
and  easy  access  for  fast  transport  of  reagents  inside  the  porous  structure.  After  long  
cycling,  the  silicon  pulverization  was  also  lowered  due  to  this  carbon  backbone.11  
  
Figure  9:  Schematic  of  morphological  changes  that  occur  in  Si  during  
electrochemical  cycling.10  
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There is great interest in developing rechargeable lithium
batteries with higher energy capacity and longer cycle life for
applications in portable electronic devices, electric vehicles
and implantable medical devices1. Silicon is an attractive
anode material for lithium batteries because it has a low
discharge potential and the highest known theoretical charge
capacity (4,200 mAh g21; ref. 2). Although this is more than
ten times higher than existing graphite anodes and much
larger than various nitride and oxide materials3,4, silicon
anodes have limited applications5 because silicon’s volume
changes by 400% upon insertion and extraction of lithium,
which results in pulverization and capacity fading2. Here, we
show that silicon nanowire battery electrodes circumvent these
issues as they can accommodate large strain without
pulverization, provide good electronic contact and conduction,
and display short lithium insertion distances. We achieved the
theoretical charge capacity for silicon anodes and maintained a
discharge capacity close to 75% of this maximum, with little
fading during cycling.
Previous studies in which Si bulk films and micrometre-sized
particles were used as electrodes in lithium batteries have shown
capacity fading and short battery lifetime due to pulverization
and loss of electrical contact between the active material and the
current collector (Fig. 1a). The use of sub-micrometre pillars6
and micro- and nanocomposite anodes5,7–9 led to only limited
improvement. Electrodes made of amorphous Si thin films have a
stable capacity over many cycles5,8, but have insufficient material
for a viable battery. The concept of using one-dimensional (1D)
nanomaterials has been demonstrated with carbon10, Co3O4
(refs 11, 12), SnO2 (ref. 13) and TiO2 (ref. 14) anodes, and has
shown improvements compared to bulk materials. A schematic of
our Si nanowire (NW) anode configuration is shown in Fig. 1b.
Nanowires are grown directly on the metallic current collector
substrate. This geometry has several advantages and has led to
improvements in rate capabilities in metal oxide cathode
materials15. First, the small NW diameter allows for better
accommodation of the large volume changes without the
initiation of fracture that can occur in bulk or micron-sized
materials (Fig. 1a). This is consistent with previous studies that
have suggested a materials-dependent terminal particle size below
which particles do not fracture further16,17. Second, each Si NW
is electrically connected to the metallic current collector so that
all the nanowires contribute to the capacity. Third, the Si NWs
have direct 1D electronic pathways allowing for efficient charge
transport. In electrode microstructures based on particles,
electronic charge carriers must move through small interparticle
contact areas. In addition, as every NW is connected to the
current-carrying electrode, the need for binders or conducting
additives, which add extra weight, is eliminated. Furthermore,











Figure 1 Schematic of morphological changes that occur in Si during
electrochemical cycling. a, The volume of silicon anodes changes by about
400% during cycling. As a result, Si films and particles tend to pulverize during
cycling. Much of the material loses contact with the current collector, resulting
in poor transport of electrons, as indicated by the arrow. b, NWs grown directly
on the current collector do not pulverize or break into smaller particles after
cycling. Rather, facile strain relaxation in the NWs allows them to increase in
diameter and length without breaking. This NW anode design has each NW
connecting with the current collector, allowing for efficient 1D electron transport
down the length of every NW.
LETTERS
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The  third  type  is  lithium-­‐‑metal  oxide  conversion  material.  Metal  oxides  like  TiO2,  
Fe2O3  and  Fe3O4  that  undergo  lithium  conversion  reactions  deliver  remarkably  high  
specific  values,  due  to  the  full  reduction  of  transition  metal  oxides  to  metallic  states.  
These  conversion  reaction  based  materials  are  promising  candidates  for  LIB  anodes  in  
current  research.  Therefore,  metal  oxides  were  chosen  as  research  topic  in  this  thesis.    
TiO2  is  also  studied  as  LIB  anode  material  because  it  has  the  advantages  of  great  
stability  at  high  current  density,  and  small  volume  change  upon  lithium  insertion-­‐‑
desertion  process.  12,13  Plus,  it  has  the  advantages  of  nontoxicity,  affordable  cost,  and  
environmental  benignity.  The  reaction  with  TiO2  occurs  at  1.4-­‐‑1.8  V  vs.  Li/Li+:  x  Li+  +  
TiO2  +  x  e-­‐‑  =  LixTiO2.  Its  theoretical  specific  capacity  is  335  mAh/g,  when  x=1.  It’s  
desirable  to  fabricate  the  anatase  TiO2  nanocrystal  with  maximum  exposure  of  the  (001)  
facets  due  to  the  highly  anisotropic  diffusion  of  lithium  along  the  c-­‐‑axis.  The  (001)  facets  
provide  the  fast  diffusion  of  lithium  ions.  Luo’s  group  reported  the  synthesis  of  large  
ultrathin  anatase  TiO2  spheres  with  nearly  100%  exposed  (001)  facets  (Figure  10).14  This  
structure  enhanced  the  fast  reversible  lithium  storage.  Even  at  a  high  current  density  of  
1700  mA/g,  TiO2  spheres  still  delivered  a  specific  capacity  near  130  mAh/g  within  a  
voltage  window  of  1.0-­‐‑3.0  V  vs  Li+/Li.    
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Figure  10:  (a)  SEM  images  and  (b)  TEM  images  of  as-­‐‑prepared  anatase  TiO2  
nanosheets  hierarchical  spheres.14  
Table  1  summarizes  various  metal  oxides  with  high  specific  capacities  and  their  
electrochemical  reactions.  SnO2  has  a  theoretical  specific  capacity  of  790  mAh/g,  but  it  
shows  a  large  volume  change  of  300%  during  charge/discharge  process,  which  causes  
electrical  disconnection  from  current  collectors.  SnO2  also  lacks  obvious  stable  discharge  
plateau  during  the  reaction  with  lithium  ions.  15,16  Co3O4  has  similar  volume  change  
problems.  In  addition,  large  amounts  of  cobalt  compounds  (e.g.  Co3O4,Co2O3  ,  and  CoO)  
are  potentially  poisonous  in  the  environment.    
  
     13  




In  comparison,  iron  oxides  (e.g.  Fe3O4  and  Fe2O3)  are  environmentally  friendly,  
abundant  in  nature,  and  they  deliver  high  specific  capacities.  Figure  11  shows  the  iron  
oxide  dust  storm  in  2009  and  iron  oxides  precipitation  in  the  river.  In  addition,  different  
oxidation  states  of  iron  oxides  (α-­‐‑Fe2O3,  γ-­‐‑Fe2O3,  Fe3O4,  α-­‐‑FeOOH,  and  γ-­‐‑FeOOH)  can  be  
obtained  via  facile  synthesis.  Due  to  the  variety  of  electronic  and  magnetic  properties,  
iron  oxides  are  widely  studied  in  the  fields  of  energy  storage  devices  (anodes  for  LIBs),  








in  Table  3 . Volume change of these hosts for lithium causes a 
b dly recycle ability. Researchers take full adv ntag  of various 
nanostructured architectures to improve their recycle ability 
and other performance. In this section, we focus exclusively on 
the development of 2D architectures in recent years. 
 3.3.1. Tin Based Materials for Lithium Storage 
 SnO 2 has a high theoretical specifi c lithium-storage capacity of 
790 mA h g  − 1 , which is higher than that of typical graphitic 
carbon (370 mA h g  − 1 ) and graphene (740 mA h g  − 1 ). [ 120,121 ] 
Its other attracting feature is the low p tential of 0.6 V, vs. 
Li/Li  +  for reversible alloying/de-alloying reaction between Li  +  
and Sn, which is close to the potential (0.2 V, vs. Li/Li  +  ) of the 
crystalline graphite. Wang successfully synthesized ultrathin 
SnO 2 nanosheets with thicknesses of 1.5 − 3.0 nm through a 
facile hydrothermal treatment using tin dichloride as the pre-
cursor. The assemblies of these sheets have a high BET surface 
area of 180.3 m 2 g  − 1 and a large pore volume of 1.028 cm 3 g  − 1 . 
The materials exhibit a high lithium-storage capacity of 
559 mA h g  − 1 at the rate of 78.2 mA g  − 1 due to its ultrathin 
framework and breathable characteristic. [ 128 ] The fl ower-like 
and hollow SnO 2 structures also exhibit improved lithium-
storage capacities of 391 and 519 mA h g  − 1 respectively, com-
pared to the solid SnO 2 nanoparticles (269 mA h g  − 1 ) after 
50 cycles with a current rate of 160 mA g  − 1 . [ 35 ] SnO 2 nanosheets 
grown on graphene nanosheets and carbon nanotubes were 
also reported by Lou’s group. [ 129,130 ] SnO 2 nanosheets grown 
on graphene exhibit greatly enhanced lithium-storage proper-
ties with a high reversible capacity of 1666 mA h g  − 1 at the fi rst 
cycle and 518 mA h g  − 1 after 50 cycles. [ 130 ] SnO 2 nanosheets 
deposited onto the carbon-nanotube backbone also exhibit a 
capacity of  ∼ 1600 mA h g  − 1 at the fi rst cycle and 549 mA h g  − 1 
after 40 cycles at a rate of 160 mA g  − 1 . [ 129 ] These results could 
be attributed to the thin 2D structure and fi rm bonding with 
conductors (carbon nanotubes and graphene). Beside SnO 2 , 
SnS 2 is also a desired host for high lithium storage. Ultrathin 
hexagonal SnS 2 nanosheets are synthesized  via a simple hydro-
thermal reaction. The nanosheets have been applied as an 
anode for lithium-ion battery, which shows a highly reversible 
capacity and good cycling stability. [ 131–133 ] For example, crys-
talline SnS 2 nanosheets were synthesized through a one-step 
solvothermal process. [ 132 ] The SnS 2 nanosheets synthesized 
in ethylene glycol have a  ∼ 2 nm-thick nanosheet and exhibit 
 To solve the above problems, ultrathin nanosheets, are 
desired framework for lithium storage owing to large exposed 
area and short path for Li ion transfer ( Table  2 ). Yang and 
his co-workers synthesized a fl ower-like spinel LTO struc-
ture consisting of nanosheets by a hydrothermal process in 
glycol solution. This LTO structure exhibited a high revers-
ible capacity of 165.8 mA h g  − 1 at a charge/discharge rate of 
8 C. [ 110 ] In their following work, hollow microspheres assem-
bled by LTO nanosheets and sawtooth-like LTO nanosheets 
were reported by improved method. [ 111,112 ] In particular, 
Sawtooth-like LTO nanosheets present excellent high-rate 
performance and good cycling stability. The superior capacity 
of 132 mA h g  − 1 after 200 cycles at 10000 mA g  − 1 proves 
the potential high-rate applications in lithium ion batteries 
and supercapacities. [ 112 ] The lattice of LTO nanosheets on 
the exposed facets displays an equal interfringe spacing of 
0.48 nm along the [111] axis, which offers enough space 
for zero-strain insertion of lithium ions with a diameter of 
0.12 nm. This is the real reason that the LTO nanosheets can 
meet fast lithium insertion/exinsertion. The pseudocapacitive 
effect based on the hierarchical structure, also contributes to 
the high rate capability of LTO nanosheets. [ 113 ] However, there 
are few literatures to report 2D structures so far. So there is 
no doubt a great requirement to design and synthesis novel 
2D structure in a facile system. 
 3.3. Volume-Variation 2D Materials for Lithium Storage 
 High lithium-capacities materials are also valuable anode 
materials for lithium storage, because of their high theoretical 
specifi c capacities and low potential for reversible lithium inser-
tion-deinsertion reaction. However, they often have a common 
feature, i.e., volume change during lithium insertion or deinser-
tion. These kinds of materials include tin based materials, [ 120,121 ] 
cobalt based materials, [ 54 , 122 ] iron based materials, [ 123–126 ] sil-
icon [ 57 , 127 ] etc. which theoretical specifi c capacities are provided 
 Table  2.  Rate-performance comparison of existing LTO structures for 
lithium storage .
No           Structures Capacities/ mA h g  − 1 Ref.
10C 20C 50C
1 Microspheres 120 90 –  [ 114 ] 
2 Microspheres/C 155 – –  [ 115 ] 
3 Flower-like spinel LTO 
consisting of nanosheets
155 @ 8C – –  [ 110 ] 
4 LTO nanocrystals 140 130 100  [ 116 ] 
5 LTO hollow microspheres 
assembled by nanosheets
155 150 131  [ 111 ] 
6 N-doped LTO 130 – –  [ 117 ] 
7 C-coated LTO 130 126 –  [ 118 ] 
8 Sawtooth-like LTO 
nanosheets
154 @ 14C 147 @ 28C 141 @ 42C  [ 112 ] 
9 Mesoporous nest-like LTO 140 @ 14C – 112 @ 58C  [ 119 ] 
 CLTO: carbon-doped LTO nanosheets. 1C  = 175 mA g  − 1 
 Table  3.  Theoretical s e ifi c capacities and principal reactions of 
volume-variation 2D materials .
Materials Theoretical specifi c 
capacities 
Principal reactions Ref. 
SnO 2 790 mA h g  − 1 SnO 2  + 4Li  +   + 4e  −   → Sn  + 2Li 2 O  [ 120,121 ] 
Sn  +  x Li  +   +  x e ↔ Li  x  Sn (0 ≤  x  ≤ 4.4)
Sn 994 mA h g  − 1 Sn  +  x Li  +   +  x e  ↔ Li  x  Sn (0 ≤  x ≤ 4.4)  [ 20 , 120 ] 
Co 3 O 4 890 mA h g  − 1 Co 3 O 4  + 8Li  +   + 8e  −   → 4Li 2 O  + 3Co  [ 54 , 122 ] 
Fe 2 O 3 1038 mA h g  − 1 Fe 2 O 3  + 6Li  +   + 6e  −   → 3Li 2 O  + 2Fe  [ 125 ] 
Fe 3 O 4 928 mA h g  − 1 Fe 3 O 4  + 8Li  +   + 8e  −   → 4Li 2 O  + 3Fe  [ 126 ] 
Silicon 4200 mA h g  − 1 Si  +  x Li  +   +  x e ↔ Li  x  Si (0  ≤  x  ≤ 4.4)  [ 80 ] 
Adv. Mater. 2012, 24, 4097–4111
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Figure  11:  Upper  left  pictures  show  an  iron  oxide  dust  storm  that  swept  over  
Sydney  and  iron  oxides  precipitating  from  the  Rio  Tinto  water  in  Spain.  The  rest  
pictures  shows  the  magnetite  Fe3O4  and  its  crystal  structure.17  
Fe3O4  is  a  promising  LIBs  anode  material,  has  the  advantage  of  high  theoretical  
specific  capacity  about  928  mAh/g,  affordable  cost,  environmental  friendly,  abundance  
in  nature.17  Fe3O4  instead  of  Fe2O3  is  chosen  in  this  thesis  because  crystalized  Fe2O3  
requires  annealing  in  air  at  550  °C.  But  carbon  material,  such  as  graphene,  will  be  
burned  when  annealed  in  air  at  such  high  temperature.  Crystalized  Fe3O4  can  be  
obtained  via  annealing  in  inert  atmosphere  like  Ar,  which  is  compatible  with  carbon.  
Since  our  research  focuses  on  graphene  and  CNT  carbon  matrix,  Fe3O4  is  a  better  choice  
compared  with  Fe2O3.  But  Fe3O4  belongs  to  volume  variation  materials  during  lithium  
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 Abundance combined with facile synthesis in the laboratory, 
easy accessibility to different oxidation states and polymorphs, and 
fi nally the variety of electronic and magnetic properties make of 
iron oxides a prototype of an “ideal functional material” ( Figure 2 ). 
It is rather logical to understand why developing valuable materials 
containing iron oxide is of real interest. Furthermore, iron oxide 
especially in the trivalent oxidation state has so far shown rela-
tively low biotoxicity. [ 8 ] This feature has signifi cantly expanded the 
applicability of iron oxides to the emerging fi eld of Nano medicine. 
In fact, our opinion is that biomedical applications along
with some important contributions coming from photocatalysis 
(strictly photoelectrochemical water splitting), energy storage 
for surface ions. [ 5 ] This can lead to a disordered spin confi gura-
tion near the surface and a reduced average net moment relative 
to the bulk material. [ 4 ] Ferrihydrite (accepted chemical formulas, 
Fe 5 HO 8 · 4H 2 O or 5Fe 2 O 3 · 9H 2 O) constitutes the crystal core of 
ferritin, the storage protein essential to cellular iron metabo-
lism. Its principal function is to store a bioavailable reserve of 
intracellular iron in a nontoxic form via oxidation of Fe 2 +  to Fe 3 +  . 
The degree of crystallinity of ferrihydrite is variable and ranges 
from quasi-amorphous solids over poorly crystalline two-line 
ferrihydrite to a more ordered six-line ferrihydrite. [ 6 ] It has been 
recently shown that the magnetic moment of ferrihydrite can 
reach values close to nanosized magnetite (45 emu/g). [ 7 ] 
 Figure  1 .  Iron oxides are ubiquitous in nature. Upper left pictures portrait an iron oxide dust storm that swept over Sydney in September 2009 and 
iron oxides precipitating from the Rio Tinto water in SW Spain. The rest of the pictures portrait soils containing different iron oxides. We thank Profs. 
Vidal Barron and Jose Torrent for kindly providing these pictures, some of which were shown by Prof. Torrent in the opening ceremony speech for the 
2009-2010 academic year at the University of Cordoba, Spain. 
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3Fe  +  4Li2O.  This  volume  change  from  Fe3O4  to  Fe  leads  to  fading  specific  capacity  
during  charge/discharge  process,  which  is  a  major  drawback  as  LIB  anodes.  In  addition,  
the  conductivity  of  Fe3O4/Fe/Li2O  is  low,  and  conductive  carbon  matrix  is  required  as  
electrode  material.  To  solve  the  above  problems,  in  this  thesis  we  use  conductive  carbon  
matrix  to  form  carbon-­‐‑iron  oxide  composite.  Examples  of  current  research  status  of  
carbon-­‐‑iron  oxides  are  discussed  in  Section  1.5.  
  
1.2 Graphene  
The  Nobel  Prize  in  Physics  for  2010  was  awarded  to  Geim  and  Novoselov  for  
their  research  in  the  2D  carbon  material  graphene.  Graphene  is  known  as  the  parent  of  
all  graphitic  forms  such  as  fullerene,  carbon  nanotubes,  and  graphite  (Figure  12).18,19  
Graphene  can  be  stacked  together  to  form  3D  graphite,  rolled  up  to  form  1D  nanotubes,  
and  wrapped  to  form  0D  fullerenes.20  Their  extraordinary  electrical,  mechanical,  and  
thermal  properties  have  attracted  a  lot  of  interests  in  research.  The  structure  of  graphene  
nanosheet  is  2D  layer  of  sp2-­‐‑hybridized  carbon  atoms  arranged  in  a  hexagonal  lattice,  
which  is  a  unique  nanoscale  building  block  (Figure  14,  bottom).  There  are  several  
approaches  to  produce  individual  graphene  sheets  (Figure  13)  and  functionalized  
derivatives,  such  as  mechanical  exfoliation21,  epitaxial  growth,  chemical  vapor  
deposition  (CVD)22,23,  and  chemical  exfoliation  of  graphite  oxides.    
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Figure  12:  Graphene  is  a  2D  building  material  for  carbon  materials  of  all  other  
dimensionalities.  It  can  be  wrapped  up  into  0D  buckyballs,  rolled  into  1D  nanotubes  
or  stacked  into  3D  graphite.24  
  
Figure  13:  Scanning  electron  micrograph  (SEM)  of  a  relatively  large  graphene  
sheet.  Most  of  the  crystal’s  faces  are  zigzag  and  armchair  edges  as  indicated  by  blue  
and  red  lines  in  the  inset.24  
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crystal, whereas 100 layers should be considered as a thin ! lm of a 
3D material. But how many layers are needed before the structure is 
regarded as 3D? For the case of graphene, the situation has recently 
become reasonably clear. It was shown that the electronic structure 
rapidly evolves with the number of layers, approaching the 3D limit 
of graphite at 10 layers20. Moreover, only graphene and, to a good 
approximation, its bilayer has simple electronic spectra: they are both 
zero-gap semiconductors (they can also be referred to as zero-overlap 
semimetals) with one type of electron and one type of hole. For three 
or more layers, the spectra become increasingly complicated: Several 
charge carriers appear7,21, and the conduction and valence bands 
start notably overlapping7,20. " is allows single-, double- and few- 
(3 to <10) layer graphene to be distinguished as three di# erent types 
of 2D crystals (‘graphenes’). " icker structures should be considered, 
to all intents and purposes, as thin ! lms of graphite. From the 
experimental point of view, such a de! nition is also sensible. " e 
screening length in graphite is only ≈5 Å (that is, less than two layers 
in thickness)21 and, hence, one must di# erentiate between the surface 
and the bulk even for ! lms as thin as ! ve layers21,22.
Earlier attempts to isolate graphene concentrated on chemical 
exfoliation. To this end, bulk graphite was ! rst intercalated23 so that 
graphene planes became separated by layers of intervening atoms or 
molecules. " is usually resulted in new 3D materials23. However, in 
certain cases, large molecules could be inserted between atomic planes, 
providing greater separation such that the resulting compounds 
could be considered as isolated graphene layers embedded in a 3D 
matrix. Furthermore, one can o$ en get rid of intercalating molecules 
in a chemical reaction to obtain a sludge consisting of restacked and 
scrolled graphene sheets24–26. Because of its uncontrollable character, 
graphitic sludge has so far attracted only limited interest.
" ere have also been a small number of attempts to grow 
graphene. " e same approach as generally used for the growth of 
carbon nanotubes so far only produced graphite ! lms thicker than 
≈100 layers27. On the other hand, single- and few-layer graphene 
have been grown epitaxially by chemical vapour deposition of 
hydrocarbons on metal substrates28,29 and by thermal decomposition 
of SiC (refs 30–34). Such ! lms were studied by surface science 
techniques, and their quality and continuity remained unknown. 
Only lately, few-layer graphene obtained on SiC was characterized 
with respect to its electronic properties, revealing high-mobility 
charge carriers32,33. Epitaxial growth of graphene o# ers probably the 
only viable route towards electronic applications and, with so much 
Figure 1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled 
into 1D nanotubes or stacked into 3D graphite.
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at stake, rapid progress in this direction is expected. ! e approach 
that seems promising but has not been attempted yet is the use of the 
previously demonstrated epitaxy on catalytic surfaces28,29 (such as Ni 
or Pt) followed by the deposition of an insulating support on top of 
graphene and chemical removal of the primary metallic substrate.
THE ART OF GRAPHITE DRAWING
In the absence of quality graphene wafers, most experimental groups 
are currently using samples obtained by micromechanical cleavage 
of bulk graphite, the same technique that allowed the isolation 
of graphene for the " rst time7,8. A# er " ne-tuning, the technique8 
now provides high-quality graphene crystallites up to 100 μm in 
size, which is su%  cient for most research purposes (see Fig. 2). 
Super" cially, the technique looks no more sophisticated than drawing 
with a piece of graphite8 or its repeated peeling with adhesive tape7 
until the thinnest & akes are found. A similar approach was tried by 
other groups (earlier35 and somewhat later but independently22,36) but 
only graphite & akes 20 to 100 layers thick were found. ! e proble  
is that graphene crystallites le#  on a substrate are extremely rare 
and hidden in a ‘haystack’ of thousands of thick (graphite) & akes. 
So, even if one were deliberately searching for graphene by using 
modern techniques for studying atomically thin materials, it would 
be impossible to " nd those several micrometre-size crystall tes 
dispersed over, typically, a 1-cm2 area. For example, scanning-probe 
microscopy has too low throughput to search for graphene, whereas 
scanning electron microscopy is unsuitable because of the absence 
of clear signatures for the number of atomic layers.
! e critical ingredient for success was the observation that 
graphene becomes visible in an optical microscope if placed on top 
of a Si wafer with a carefully chosen thickness of SiO2, owing to a 
feeble interference-like contrast with respect to an empty wafer. If 
not for this simple yet e' ective way to scan substrates in search of 
graphene crystallites, they would probably remain undiscovered 
today. Indeed, even knowing the exact recipe8, it requires special 
care and perseverance to " nd graphene. For example, only a 5% 
di' erence in SiO2 thickness (315 nm instead of the current standard 
of 300 nm) can make single-layer graphene completely invisible. 
Careful selection of the initial graphite material (so that it has largest 
possible grains) and the use of freshly cleaved and cleaned surfaces 
of graphite and SiO2 can also make all the di' erence. Note that 
graphene was recently37,38 found to have a clear signature in Raman 
microscopy, which makes this technique useful for quick inspection 
of thickness, even though potential crystallites still have to be " rst 
hunted for in an optical microscope.
Similar stories could be told about other 2D crystals 
(particularly, dichalcogenide monolayers) where many attempts 
were made to split these strongly layered materials into individual 
planes39,40. However, the crucial step of isolating monolayers to 
assess their properties individually was never achieved. Now, 
by using the same approach as demonstrated for graphene, it 
is possible to investigate potentially hundreds of di' erent 2D 
crystals8 in search of new phenomena and applications.
FERMIONS GO BALLISTIC
Although there is a whole new class of 2D materials, all 
experimental and theoretical e' orts have so far focused on 
graphene, somehow ignoring the existence of other 2D crystals. It 
remains to be seen whether this bias is justi" ed, but the primary 
reason for it is clear: the exceptional electronic quality exhibited 
by the isolated graphene crystallites7–10. From experience, people 
know that high-quality samples always yield new physics, and 
this understanding has played a major role in focusing attention 
on graphene.
Graphene’s quality clearly reveals itself in a pronounced 
ambipolar electric " eld e' ect (Fig. 3) such that charge carriers 
can be tuned continuously between electrons and holes in 
concentrations n as high as 1013 cm–2 and their mobilities µ can 
exceed 15,000 cm2 V–1 s–1 even under ambient conditions7–10. 
Moreover, the observed mobilities weakly depend on temperature 
T, which means that µ at 300 K is still limited by impurity scattering, 
and therefore can be improved signi" cantly, perhaps, even up to 
≈100,000 cm2 V–1 s–1. Although some semiconductors exhibit room-
temperature µ as high as ≈77,000 cm2 V–1 s–1 (namely, InSb), those 
values are quoted for undoped bulk semiconductors. In graphene, 
μ remains high even at high n (>1012 cm–2) in both electrically and 
chemically doped devices41, which translates into ballistic transport 
on the submicrometre scale (currently up to ≈0.3 μm at 300 K). A 
further indication of the system’s extreme electronic quality is the 
quantum Hall e' ect (QHE) that can be observed in graphene even at 
room temperature, extending the previous temperature range for the 
QHE by a factor of 10 (ref. 42).
An equally important reason for the interest in graphene is 
a particular unique nature of its charge carriers. In condensed-
matter physics, the Schrödinger equation rules the world, usually 
being quite su%  cient to describe electronic properties of materials. 
Graphene is an exception — its charge carriers mimic relativistic 
particles and are more easily and naturally described starting with 
the Dirac equation rather than the Schrödinger equation4–6,43–48. 







Figure 2 One-atom-thick single crystals: the thinnest material you will ever see. 
a, Graphene visualized by atomic force microscopy (adapted from ref. 8). The folded 
region exhibiting a relative height of ≈4 Å clearly indicates that it is a single layer. 
(Copyright National Academy of Sciences, USA.) b, A graphene sheet freely suspended 
on a micrometre-size metallic scaffold. The transmission electron microscopy image 
is adapted from ref. 18. c, Scanning electron micrograph of a relatively large graphene 
crystal, which shows that most of the crystal’s faces are zigzag and armchair edges 
as indicated by blue and red lines and illustrated in the inset (T.J. Booth, K.S.N, P. Blake 
and A.K.G. unpublished work). 1D transport along zigzag edges and edge-related 
magnetism are expected to attract signifi cant attention.
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Graphene  oxide  (GO)  is  usually  used  as  a  precursor  for  chemically  derived  
graphene  synthesis.  GO  contains  oxygen  groups  including  epoxy,  hydroxyl,  and  
carboxyl  groups  on  edges  and  planes  (Figure  14,  top).25  Figure  15  shows  the  process  to  
prepare  aqueous  graphene  dispersion  from  graphite.  Graphite  is  first  oxidized  to  form  
graphite  oxide  with  larger  interlayer  distances,  followed  by  exfoliation  in  water  with  
sonification.  The  carboxylic  acid  and  phenolic  hydroxyl  groups  on  the  surface  GO  will  
be  ionized,  forming  negatively  charged  GO  sheets.  This  GO  aqueous  dispersion  is  stable  
and  homogeneous  due  to  electrostatic  repulsion.  Then  GO  can  be  easily  converted  to  
graphene  via  chemical  reduction  in  hydrazine  or  annealing  under  reducing  atmosphere  
in  a  tube  furnace.  25,26  Upon  reduction  treatment,  the  oxygen  groups  are  removed,  and  
the  conductivity  is  improved.  Such  graphene  sheets  can  be  assembled  into  freestanding  
paperlike  films  via  flow-­‐‑directed  filtration.  The  film  is  shiny  and  flexible  after  peeling  off  
from  the  filtration  membrane  (Figure  16).  
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Figure  14: Schematic  model  of  a  graphene  oxide  sheet  and  graphene.27  
  
Figure  15:  Scheme  showing  the  chemical  route  to  the  synthesis  of  aqueous  
graphene  dispersions.  (1)  Oxidation  of  graphite  (black  blocks)  to  graphite  oxide  
(lighter  coloured  blocks)  with  greater  interlayer  distance.  (2)  Exfoliation  of  graphite  
oxide  to  obtain  GO  colloids  that  are  stabilized  by  electrostatic  repulsion.  (3)  
Controlled  conversion  of  GO  to  conducting  graphene  colloids  through  deoxygenation  
by  hydrazine  reduction.28  
As demonstrated in many colloid experiments15, including our
previous work on the synthesis of stabilizer-free conducting
polymer aqueous colloids16, the colloidal stability of an
electrostatically stabilized dispersion is strongly dependent on pH,
the electrolyte concentration, and the content of dispersed
particles. By controlling these parameters, we now find that
chemically converted graphene sheets are indeed able to form
stable colloids through electrostatic stabilization. Graphene oxide
dispersions can be directly converted to stable graphene colloids
through hydrazine reduction under controlled conditions (Fig. 1).
The use of polymeric or surfactant stabilizers is not required. We
have found that the complete removal of metal salts and acids,
which often remain in the starting graphite oxide, is critical to
stability. These residual electrolytes can neutralize the charges on
the sheets, destabilizing the resulting dispersions.
In order to obtain maximal charge density on the resulting
graphene sheets, ammonia is added to the reaction solution to
increase the pH to around 10. Volatile ammonia can be easily
removed after the graphene sheets are processed into solid films
or composites. The use of excess hydrazine also renders the
dispersion basic. However, hydrazine is highly toxic and its use
should be minimized. Additionally, we find that during the
reduction process, the graphene sheets at the water/air interface
tend to agglomerate upon water evaporation and a layer of black
solid gradually appears on the liquid surface. This problem can
be effectively avoided by adding a layer of water-immiscible
liquid (such as mineral oil) to the solution to eliminate the
air/water interface.
We note that if GO dispersions with concentrations less than
0.5 mg ml21 are reduced by hydrazine under appropriate
conditions (see Methods), the particle size of the resulting CCG
sheets does not increase after the reduction is complete (Fig. 3a).
No sediment is observed even after the dispersion has been
centrifuged at 4,000 r.p.m. for several hours. Atomic force
microscopy (AFM) shows that the resulting CCG sheets that are
cast on a silicon wafer are flat, with a thickness of !1 nm
(Fig. 3b). These results indicate that, similar to the original
GO dispersion, the as-prepared CCG sheets remain separated
in the dispersion.
The colloidal nature of the resulting CCG dispersions is further
confirmed by two experiments typically conducted in colloid
science: investigations of the Tyndall effect and the salt effect. A
diluted CCG dispersion gives rise to the Tyndall effect, in which
a laser beam passing through a colloidal solution leaves a
discernible track as a result of light scattering (Fig. 3c). Adding
an electrolyte solution such as sodium chloride into a CCG
dispersion leads to immediate coagulation (Fig. 3d). These
observations are characteristic of a lyophobic colloid stabilized
through electrostatic repulsion and can be explained using the
classical Derjaguin–Landau–Verwey–Overbeek theory15.
It is worth pointing out that in water, ammonia and hydrazine
dissociate to generate ionic species that act as electrolytes.
Therefore, as with the addition of sodium chloride (Fig. 3d), the
overuse of the two chemicals can result in destabilization of the
resulting dispersions. We note that if the amount of hydrazine
exceeds the optimal level described in the Methods section
(hydrazine:GO ¼ 7:10 by weight), the stability of the dispersion
decreases with increasing concentration of hydrazine. For
example, if the weight ratio of hydrazine to GO is increased to
7:1, agglomeration occurs in about one day. In order to obtain
stable dispersions in this case, excess hydrazine must be
immediately removed from the resulting dispersions.
Additionally, like other lyophobic colloids, the colloidal stability
of the resulting dispersions is also dependent on the
concentration of CCG. The reduction of GO dispersions with a
concentration greater than 0.5 mg ml21 leads to gelation over time.
The feasibility of forming stable graphene dispersions through
electrostatic stabilization is further supported by our zeta potential
analysis. As shown in Fig. 2a, the zeta potential of the reduced
graphene dispersion is pH dependent, which is consistent with
the fact that the ionization of carboxylic acid groups is strongly
related to pH. Although the magnitude of the zeta potential is
lower than that of the original GO sheets at the same pH, the
zeta potential is below –30 mV when the pH is greater than 6.1
and can reach –43 mV when the pH approaches 10. Zeta
(1) (2) (3)
Figure 1 Scheme showing the chemical route to the synthesis of aqueous graphene dispersions. 1, Oxidation of graphite (black blocks) to graphite oxide
(lighter coloured blocks) with greater interlayer distance. 2, Exfoliation of graphite oxide in water by sonication to obtain GO colloids that are stabilized by electrostatic
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Figure 2 Surface properties of GO and CCG. a, Zeta potential of GO and CCG
as a function of pH, in aqueous dispersions at a concentration of
!0.05 mg ml21. b, FT-IR spectra of GO and CCG. The absorption band at around
1,700 cm21 is attributed to carboxyl groups. The absorption of CCG sheets at this
range is observable but not as prominent as that observed for GO, likely due to the
overlapping of the strong absorption of graphene sheets in this region.
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Figure  16:  A  10-­‐‑µμm-­‐‑thick  chemically  converted  graphene  film  prepared  by  
vacuum  filtration.  The  film  exhibits  a  shiny  metallic  luster.  A  strip  (top  inset)  cut  
from  the  film  is  bent  to  demonstrate  its  flexibility.28  
Graphene  based  composite  materials  have  been  widely  studied  in  recent  years.29-­‐‑
33  For  lithium  ion  battery  applications,  chemically  derived  graphene  sheets  generally  
have  been  hybridized  nanoparticles  to  form  composites  owing  to  their  ease  of  
preparation  and  processing.  Graphene  sheets  often  serve  as  ideal  platforms  to  
accommodate  other  metal  oxide  guests34,  such  as  TiO235,  Fe3O436,  Ni(OH)237,  Co3O438,39,  
MnO240,  SnO241,  and  RuO242.  Moreover,  their  two-­‐‑dimensional  edge  plane  sites  assist  Li-­‐‑
ion  adsorption  and  diffusion.34  Examples  of  metal  oxide-­‐‑graphene  materials  for  LIBs  will  
be  discussed  in  Section  1.5.  
1.3 Carbon nanotubes 
CNTs  can  be  considered  of  as  graphene  sheets  seamlessly  rolled  into  a  cylindrical  
shape  (Figure  17).43  Generally,  CNTs  can  be  classified  into  single-­‐‑walled  carbon  
nanotubes  (SWCNTs,  0.7  <  d  <  2  nm)  and  multi-­‐‑walled  carbon  nanotubes  (MWCNTs,  1.4  
Free-standing films or graphene paper can be peeled off the
membrane. The films are bendable and exhibit a shiny metallic
lustre (Fig. 5a). The conductivity of graphene paper prepared
using the procedure described in the Methods section is found to
be !7,200 S m21 at room temperature, which is comparable to
that of chemically modified single-walled carbon nanotube
paper23. We note that Ruoff and co-workers have recently
demonstrated that strong GO paper can be prepared using a
similar filtration strategy24. The resulting paper could find use in
many fields, including membranes, anisotropic conductors and
supercapacitors24. Our preliminary measurements show that the
graphene paper obtained from direct filtration of our stable CCG
dispersions gives a tensile modulus up to 35 GPa, which is close
to that of the GO paper. We expect that our strong, conductive,
flexible and thermally stable graphene paper should be more
attractive than non-conductive, less thermally stable GO paper
for practical applications.
Spraying techniques such as air-brushing can also be used to
produce conductive graphene coatings on various substrates. Like
many other lyophobic colloids, once the graphene colloids are
dried, they are not redispersible in water, rendering as-prepared
graphene coatings water-resistant. Of particular significance is
that, owing to the high aspect ratio of the graphene sheets, a very
thin graphene coating, which is almost transparent, can result in
the formation of a continuous conducting network. Figure 5b
shows a transmittance spectrum of a sprayed CCG coating on a
glass slide. The coating gives a sheet resistivity of 2.0 " 107VA21
at room temperature, and the transmittance in the visible
wavelength range is higher than 96%. The conductivity of this
as-sprayed coating is sufficient for antistatic applications.
Antistatic coatings are vital to the safety of materials, machinery
and individuals across many different industries25. Our work may
lead to the development of a new generation of antistatic
coatings that can combine electrical conductivity with
transparency, excellent thermal and chemical stability, water
resistance and low production cost. Graphene dispersions may
thus find immediate practical uses.
Additionally, the highly charged state of the CCG sheets in
water makes it possible to use the well-known layer-by-layer
electrostatic assembly technique26–29 to build up complex and
controllable graphene-based nanosystems with other functional
molecules, polymers and nanostructures. We have demonstrated
the feasibility of this process by alternately immersing a quartz
slide in a dilute CCG dispersion and a typical cation
polyelectrolyte—poly(diallyldimethylammonium chloride). As
confirmed by the absorption spectra (Fig. 5c), CCG sheets can be
successfully assembled using this simple approach. Note that thin
films of graphite oxide sheets have been previously prepared
using this technique8–12. However, to make the resulting graphite
oxide film conducting, an additional reduction step is needed.
This reduction process is likely to be detrimental to composites
containing more delicate molecular structures such as
biomolecules or conjugated polymers. It has been extensively
demonstrated that self-assembled multilayered electroactive films
hold great potential in many applications such as sensors and
neuroprosthetic devices26–29. It would be reasonable to expect
that the successful formation of graphene colloids will open up
possibilities to use this powerful electrostatic assembly technique
to manipulate graphene sheets for creating many new and
potentially useful nanosystems.
In summary, we have demonstrated that aqueous graphene
dispersions can be readily formed by controlled chemical
conversion of GO colloids without the need for either polymeric
or surfactant stabilizers. Chemically converted graphene can now
be viewed as a special water-soluble conducting macromolecule
that can be simply obtained from graphite. Graphene sheets
should be superior to normal synthetic conducting polymers in
terms of thermal and chemical stability and mechanical strength,
and more competitive than carbon nanotubes in terms of
production cost. Furthermore, as shown with carbon
nanotubes18–20, the successful dissolution of graphene sheets in
solution as well as the residual carboxylic groups on the sheets
enables the use of solution-phase chemistry to further modify





































Figure 5 Examples demonstrating that films made of CCG sheets can be
easily fabricated from CCG dispersions using various solution-phase
processing techniques. a, A 10-mm-thick CCG film or paper prepared by
vacuum filtration of a CCG dispersion through an alumina membrane. The film
exhibits a shiny metallic lustre. A CCG strip (top-right inset) cut from the film is
bent to demonstrate its flexibility. b, A transmission spectrum of a CCG coating
deposited on a glass slide by air-brush spraying of a CCG solution. The
transmittance in the visible light range is greater than 96%. c, UV-vis spectra of
polycation/CCG films prepared by a layer-by-layer electrostatic self-assembly
technique. The absorbance increases linearly with an increase in the number of
assembly cycles (denoted above each curve), indicative of the successful
assembly of CCG sheets on the substrate.
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<  d  <  150  nm).44  Depending  on  the  chirality  along  the  graphene  sheets,  CNTs  could  be  
semiconducting  or  metallic.    
  
Figure  17:  CNTs  consisting  of  (a)  5  graphene  sheets,  (b)  2  graphene  sheets,  and  
(3)  7  graphene  sheets.43  
Currently,  CNTs  powders  are  commercially  produced  worldwide  more  than  
several  thousand  tons  every  year.  These  bulk  CNTs  are  applied  in  products  such  as  
rechargeable  batteries  as  conductive  additives,  automotive  parts  to  reinforce  mechanical  
strength,  drinking  water  purification  filters,  and  lightweight  sporting  goods.  In  the  fields  
of  energy  storage,  CNTs  have  versatile  applications  (Figure  18).  For  instance,  MWNTs  
are  widely  used  in  LIBs  for  laptops  and  mobile  phones.  Small  amounts  (~1  wt.  %)  of  
© 1991 Nature Publishing Group
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MWNT  powders  are  mixed  with  LiCoO2  cathodes  and  polymer  binder  in  battery  
electrodes.    Both  the  LIB  cyclic  performance  and  rate  capability  are  improved  because  
CNTs  provide  increased  electrical  connectivity  and  mechanical  integrity45.    
  
Figure  18:  Energy-­‐‑related  applications  of  CNTs.  (A)  Mixture  of  MWNTs  and  
active  powder  for  battery  electrode.  (B)  Concept  for  supercapacitors  based  on  CNT  
forests.  (C)  Solar  cell  using  a  SWNT-­‐‑based  transparent  conductor.  (D)  Prototype  
portable  water  filter  using  a  functionalized  tangled  CNT  mesh  in  the  latest  stage  of  
development.45  
Here,  we  will  focus  on  the  introduction  of  a  special  type  of  CNT  family:  few-­‐‑
walled  carbon  nanotubes  (FWNTs).  Its  sidewall  generally  has  2  to  5  layers,  and  with  a  
diameters  from  3  to  8  nm,  and  lengths  around  tens  of  micrometers.  FWNTs  have  
excellent  electronic  properties  and  near  perfect  graphitization  structures.  46  Even  after  
Last, a concept for a nonvolatilememory based
on individual CNT crossbar electromechanical
switches (63) has been adapted for commer-
cialization (Fig. 3B) by patterning tangled CNT
thin films as the functional elements. This required
development of ultrapure CNT suspensions that
can be spin-coated and processed in industrial
clean room environments and are therefore com-
patible with CMOS processing standards.
Energy Storage and Environment
MWNTs are widely used in lithium ion batteries
for notebook computers and mobile phones, mark-
ing a major commercial success (64, 65). In these bat-
teries, small amounts ofMWNTpowder are blended
with active materials and a polymer binder, such
as 1 wt % CNT loading in LiCoO2 cathodes and
graphite anodes. CNTs provide increased electrical
connectivity and mechanical integrity, which en-
hances rate capability and cycle life (64, 66, 67).
Many publications report gravimetric energy
storage and power densities for unpackaged bat-
teries and supercapacitors, where normalization
is with respect to the weight of active electrode
materials. The frequent use of low areal densities
for active materials makes it difficult to assess
how such gravimetric performance metrics relate
to those for packaged cells (68, 69), where high
areal energy storage and power densities are needed
for realizing high performance based on total cell
weight or volume. In one of the few recent studies
for packaged cells, remarkable performance has
been obtained for supercapacitors deploying
forest-grown SWNTs (62) that are binder and
additive free; an energy density of 16Whkg–1 and
a power density of 10 kW kg–1 was obtained for a
40-F supercapacitor with a maximum voltage of
3.5 V. On the basis of accelerated tests at up to
105°C, a 16-year lifetimewas forecast.Despite these
impressive metrics, the present cost of SWNTs
is a major roadblock to commercialization.
For fuel cells, the use of CNTs as a catalyst sup-
port can potentially reduce Pt usage by 60% com-
paredwith carbon black (70), and dopedCNTsmay
enable fuel cells that do not require Pt (19, 71). For
organic solar cells, ongoing efforts are leveraging
the properties of CNTs to reduce undesired carrier
recombination and enhance resistance to photooxi-
dation (20). In the long run, photovoltaic technol-
ogies may incorporate CNT-Si heterojunctions and
leverage efficient multiple-exciton generation at
p-n junctions formed within individual CNTs (72).
In the nearer term, commercial photovoltaics may
incorporate transparent SWNTelectrodes (Fig. 4C).
An upcoming application domain of CNTs is
water purification. Here, tangled CNT sheets can
provide mechanically and electrochemically robust
networkswith controlled nanoscale porosity. These
have been used to electrochemically oxidize organic
contaminants (73), bacteria, and viruses (74). Porta-
ble filters containingCNTmeshes havebeen commer-
cialized for purification of contaminated drinking
water (Fig. 4D).Moreover,membranes using aligned
encapsulated CNTs with open ends permit flow
through the interior of the CNTs, enabling unprece-
dented low flow resistance for both gases and liq-
uids (75). This enhanced permeability may enable
lower energy cost for water desalination by reverse
osmosis in comparison to commercial polycar-
bonate membranes. However, very-small-diameter
SWNTs are needed to reject salt at seawater con-
centrations (76).
Biotechnology
Ongoing interest in CNTs as components of bio-
sensors and medical devices is motivated by the
dimensional and chemical compatibility of CNTs
with biomolecules, such as DNA and proteins. At
the same time, CNTs enable fluorescent (77) and
photoacoustic imaging (78), as well as localized
heating using near-infrared radiation (79).
SWNT biosensors can exhibit large changes
in electrical impedance (80) and optical properties
(81) in response to the surrounding environment,
which is typically modulated by adsorption of a
target on theCNTsurface. Low detection limits and
high selectivity require engineering the CNT sur-
face (e.g., functional groups and coatings) (80) and
appropriate sensor design (e.g., field effects, capac-
itance, Raman spectral shifts, and photoluminescence)
(82, 83). Products under development include ink-
jet–printed test strips for estrogen and progester-
one detection, microarrays for DNA and protein
detection, and sensors forNO2 and cardiac troponin
(84). Similar CNTsensors have been used for gas
and toxin detection in the food industry, military,
an nvironmental applications (82, 85).
For in vivo applications, CNTs can be inter-
nalized by cells, first by binding of their tips to
receptors on the cell membrane (86). This enables
transfection of molecular cargo attached to the
CNTwalls or encapsulated inside the CNTs (87).
For example, the cancer drug doxorubicin was
loaded at up to 60 wt % on CNTs compared with
8 to 10 wt % on liposomes (88). Cargo release can
be triggered by using near-infrared radiation. How-
ever, for use of free-floating CNTs it will be critical
to control the retention of CNTs within the body
and prevent undesirable accumulation, which may
result from changing CNTsurface chemistry (89).
Potential CNT toxicity remains a concern, al-
though it is emerging that CNT geometry and
surface chemistry strongly influence biocompat-
ibility, and therefore CNT biocompatibility may
be engineerable (89). Early on, it was reported
that injection of large quantities of MWNTs into
the lungs of mice could cause asbestos-like path-
ogenicity (90). However, a later study reported
that lung inflammation caused by injection of
well-dispersed SWNTswas insignificant both com-
pared with asbestos and with particulate matter in
air collected inWashington, DC (91). Future med-
ical acceptance of CNTs requires deeper under-
standing of immune response, alongwith definition
of exposure standards for different use cases includ-
ing inhalation, injection, ingestion, and skin contact.
Toward use in implants, CNT forests immobi-
lized in a polymer were studied by implantation














































Fig. 4. Energy-related applications of CNTs. (A) Mixture of MWNTs and active powder for battery electrode.
[Images reprinted by permission from John Wiley and Sons (67)] (B) Concept for supercapacitors based on
CNT forests. [Images courtesy of FastCap Systems Corporation] (C) Solar cell using a SWNT-based transparent
conductor. [Images courtesy of Eikos Incorporated] (D) Prototype portable water filter using a functionalized
tangled CNT mesh in the latest stage of development. [Images cour esy of Seldon Technologies]
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functionalization  FWNTs  still  maintain  the  inner  tubes  structural  integrity,  and  become  
compatible  and  dispersible  with  other  materials,  such  as  polymers  and  metal  oxides.  
Our  group  reported  the  preparation  of  functionalized  FWNT/ polyvinyl  alcohol  (PVA)  
composite  film  with  remarkable  mechanical  strength.  With  only  0.2  wt  %  functionalized  
FWNTs,  the  composite  film  shows  a  remarkable  reinforcement  of  1650  GPa.  Baek’s  
group  reported  highly  conductive  FWNT  thin  film  with  a  sheet  resistance  of  29400  S/m.46  
This  freestanding  flexible  film  has  a  tensile  strength  of  80  MPa  and  modulus  of  15  GPa,  
respectively  (Figure  19).  
  
Figure  19:  Digital  photographs:  (a)  180°  folded  functionalized  FWNT  thin  film  
(b)  functionalized  FWNT  thin  film  carbonized  at  600  °C  for  2  h.  
1.4 Carbon aerogel 
Carbon  aerogel  has  many  interesting  properties,  such  as  lightweight,  continuous  
open  porosities,  high  surface  areas,  and  good  conductivity.  Sol-­‐‑gel-­‐‑derived  resorcinol  
formaldehyde  (RF)  organic  aerogel  was  first  synthesized  by  Pekala  and  co-­‐‑workers  in  
1989  (Figure  20).47  The  3-­‐‑D  networks  are  composed  of  many  connected  colloidal  
nanoparticles.48  After  heat  treatment,  the  organic  aerogel  converts  to  conductive  carbon  
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aerogel,  forming  a  highly  open,  porous,  and  aperiodic  3-­‐‑D  sponge  geometry.  The  
porosities,  surface  areas,  and  pore  volumes  can  be  tailored  by  controlling  catalyst  to  
solvent  ratio,  sol-­‐‑gel  polycondensation  process,  drying  conditions,  and  activation  
process.  49,50  For  instance,  the  catalyst  to  water  ratio  (C/W)  has  an  effect  on  the  aerogel  
pore  size  (Figure  21).  Due  to  the  tunable  3D  hierarchical  morphology  and  electrically  
conductive  interconnected  network,  carbon  aerogel  is  attractive  host  for  various  
chemical  reactions  (Figure  22).  It’s  also  promising  as  electrode  materials  in  LIBs,  
supercapacitors,  advanced  catalyst  supports,  adsorbents  in  wastewater  treatment,  and  
thermal  insulation.  Recently,  the  concept  of  carbon  aerogel  is  further  extended  from  RF  
organic  aerogel  to  graphene  aerogel,  carbon  nanotube  aerogel  and  bio-­‐‑mass  derived  
aerogel,  which  can  be  found  in  these  recent  papers.  51-­‐‑56  In  the  third  chapter  of  this  thesis,  
we  will  focus  on  the  RF  aerogel  study.  
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catalysts. [ 1 , 2 , 13 , 17 , 21–23 , 27 , 34–55 ] Acidic and basic 
catalysts affect differently the morphology 
of the produced gels at the same M and R/C 
ratios. Whereas the primary particles of the 
base-catalyzed aerogels are arranged in clusters 
with an extent of several microns, [ 120 ] their acid-
catalyzed equivalents look like perfect spheres 
arranged in branching chains. [ 22 ] The effect of 
basic or acidic catalysts on the gel properties 
is believed to be due to their effect on the pH 
of the solution. In other words, the effect of 
different chemical catalysts on the RF reaction depends mainly 
on the acidic or basic effect of catalyst itself. Alkaline (basic) cata-
lysts include potassium carbonate (K 2 CO 3 ), potassium hydrogen 
carbonate (KHCO 3 ), Sodium carbonate (Na 2 CO 3 ) and sodium 
hydrogen carbonate (NaHCO 3 ). [ 36 , 21 ] 
 Horikawa et al. reported that the amounts of nitrogen 
adsorbed on the RF carbon aerogels synthesized with KHCO 3 
and NaHCO 3 catalysts are higher than those on the RF carbon 
aerogels synthesized with K 2 CO 3 and Na 2 CO 3 catalysts as shown 
in  Figure  6 . [ 36 ] This can be clearly explained by the different 
alkalinity effects of these salts, where carbonate salts alkalinize 
the solution more than bicarbonate salts do at the same molar 
ratio, and hence initial solutions with carbonate salts are higher 
in their pH than those alkalinized using bicarbonate salts. 
Nonetheless, they also found that the specifi c surface area (i.e., 
the number of molecules on the monolayer adsorbed phase 
multiplied by the surface area occupied by one molecule at the 
analysis time divided by the mass of the sample) values of all 
the RF carbon aerogels are approximately the same, and that 
only a small difference was observed in the micropore volumes 
of the RF carbon aerogels synthesized with different catalyst 
species and different catalyst ratios. [ 36 ] On the other hand, the 
mesopore volumes of the RF carbon aerogels were different, 
depending on the catalyst species and the catalyst ratio applied 
in synthesizing the RF gels. Accordingly, 
varying the catalyst species and the catalyst 
ratios in synthesizing the RF gels do not 
lead to any great difference in the carboniza-
tion process of the RF aerogels. [ 36 ] Moreover, 
Fairén-Jiménez and coworkers indicated that 
samples prepared using Na 2 CO 3 are denser, 
with smaller pore volumes and narrower 
mean pore widths than those prepared using 
K 2 CO 3 . This effect of the alkaline carbonate 
might be related with the different polarizing 
power of Na  +  and K  +  ions due to their dif-
ferent sizes. [ 21 ] 
 Furthermore, RF gels may be synthesized 
with the addition of chromium nitrate or Fe-, 
Co-, Ni- and Cu acetates to the initial mix-
ture. [ 63–66 ] The corresponding results showed 
that the surface morphology and pore tex-
ture of these metal-doped organic aerogels 
depended on the nature of the metal used, 
essentially because of its effect on the initial 
solution pH, which infl uences the chemistry 
of the gel synthesis process. [ 64 , 65 ] The size of 
the corresponding gel particles was strongly 
infl uenced by the pH that the metallic salt 
is typically in the range of 6.5 to 7.4. As outlined in previous litera-
ture, using a high concentration of catalyst causes the formation 
of many small network clusters during gelation step. [ 20 ] When 
clusters are small, the pores between clusters are also small. On 
the contrary, when using a small concentration of catalyst, the 
clusters become larger and the pores become larger. [ 20 ] However, 
Job et al. reported that sodium carbonate is not a catalyst, strictly 
speaking, where its primary role is only to increase the pH of the 
resorcinol-formaldehyde aqueous solution by increasing the OH  −  /
H  +  ratio. [ 34 ] Accordingly, sodium cations may have no direct role 
in the polymerization reaction, whereas carbonate anions CO 3 2 −  
increase the alkalinity of the solution. In fact, the same effect of 
pH change can be achieved by the addition of any base that does 
not react with resorcinol or formaldehyde. [ 34 ] Sharma and cow-
orkers agree with this hypothesis as they believe that the role of 
the catalyst is to only adjust the pH of the solution. [ 35 ] However, 
as pH changes continuously throughout the reaction steps, it is 
more applicable to use the resorcinol-to-catalyst (R/C) molar ratio 
as a controlling parameter. [ 35 ] 
 2.2.2. Effect of Different Catalyst Species 
 As discussed previously, resorcinol-formaldehyde poly-
merization reaction can be done with either basic or acidic 
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Figure  21:  Model  of  gelation  progress  with  (a)  high  and  (b)  low  catalyst  to  
water  (C/W)  ratios.58  
  
  
Figure  22:  Synthetic  scheme  showing  the  versatility  associated  with  carbon  
aerogel  synthesis.59  
compressive forces associated with re-wetting and drying of the
material. These modifications can range from thermal activa-
tion40–44 to electrochemical deposition of a secondary material
directly on the surface of the carbon framework.45–48 For
example, the thermal activation process has been used to prepare
CAs with Brunauer–Emmett–Teller (BET) surfaces in excess of
3000 m2 g!1 (total pore volume z 4.5 cm3 g!1) that have been
investigated as gas sorbents and electrodes.40 Self-limiting elec-
troless deposition processes have been used to ‘‘paint’’ the inte-
rior structure of CA materials with electroactive species, such as
MnO2, for the design of new capacitors.
45–48 Inorganic CA
composites have also been prepared through the sol–gel poly-
merization of inorganic species on the internal surfaces of
monolithic CA parts.49–51 With this approach, the inorganic
species (metal oxides such as SiO2, TiO2 or ZnO) form
a conformal overlayer on the primary ligament structure of the
CA. Nanocomposites formed from carbon and these metal
oxides have the potential to exhibit enhanced functional prop-
erties for catalysis and energy storage applications. As described
in Section 3.4, gas phase deposition techniques, such as atomic
layer deposition, are another extremely powerful approach to
deposit inorganic species, such as catalyst nanoparticles or
insulating overlayers, on the inner surfaces of CA
substrates.1,52,53 This approach has even been extended to the use
of CAs as substrates for the direct growth of carbon nanotubes
by chemical vapor deposition.54 By engineering the pore struc-
ture of the CA substrate, uniform CNT yield can be achieved
throughout the free internal pore volume of CA monoliths with
macroscopic dimensions. Clearly, the flexibility associated with
Fig. 1 Synthetic scheme showing the versatility associated with carbon aerogel synthesis. As shown, the CA structure can be modified either during the
sol–gel polymerization step, through the introduction of additives or templates to the reaction mixture, or through gas- or solution-phase reactions on
the surfaces of the CA framework after the pyrolysis step.
Fig. 2 SEM image of an activated CA with a surface area of
"3100 m2 g!1.

















































! "#$%&'$ ()*$'!+' () %&' ,-. /01!$ $!%(02 &')*'3 ! /!4(/#/
+#$"!*' !$'! $'+#1%+ !% !) ,-. 0" !56 "0$ %&' 7!$%(*#1!$ *0)8(9
%(0)+:;<= >0$'0?'$3 %&' 7'!@ $!8(#+ 0" %&' ABC ()*$'!+'+ D&')
()*$'!+()E %&' ,-. $!%(0 0$ 8'*$'!+()E %&' .-F $!%(0:;G<= H
/0)08(+7'$+'8 70$' +%$#*%#$' (+ 0I%!()'8 D(%& '(%&'$ ?'$J 10D
,-. 0$ ?'$J &(E& ,-F $!%(0+3 D&'$'!+ !) ()*$'!+' () %&' ,-.
$!%(0 0$ ! 8'*$'!+' () %&' ,-F $!%(0 7$08#*'+ 701J8(+7'$+'8
70$' +%$#*%#$'+:;<= >0$'0?'$3 %&' +(K' 0" %&' E'1 7!$%(*1'+ *!)
I' 7$0/0%'8 %0 %&' /(*$0/'%'$ +*!1' D&') #+()E &(E& ,-. $!9
%(0+3 10D *0)*')%$!%(0)+ 0" $'!*%!)%+ L10D ,-F $!%(0M3 0$3
'N#(?!1')%1J3 10D .-F $!%(0 !+ +&0D) () O(E#$' P3;G<= !)8 10D
E'1!%(0) %'/7'$!%#$'+3 D&(*& )'*'++!$(1J ()*$'!+'+ %&' %(/'
"0$ E'1!%(0):;QR= S&'+' 7!$%(*1'+ !$' +0/'%(/'+ $'"'$$'8 %0 !+
"0!/+ 0$ /(*$0*'11#1!$ /!%'$(!1+:;QR= >0$'0?'$3 %&' '1'*%$09
*&'/(*!1 80#I1'91!J'$ *!7!*(%!)*' ()*$'!+'+ D&') ()*$'!+()E
%&' 8')+(%J 0" %&' E'1;<Q3<T= 0$ $'8#*()E %&' ,-. $!%(0:;<Q3<G=
C(1#%' !*(8+ L':E:3 UVWG 0$ U.1M 0$ I!+'+ L':E:3 VU<WUM
!$' %J7(*!11J #+'8 !+ I#""'$+ %0 *0)%$01 %&' 7U 0" %&' ()(%(!1 +09
1#%(0): S&' ()(%(!1 E'1!%(0) 7U &!+ 7$0"0#)8 '""'*%+ 0) %&' "(9
)!1 7$07'$%('+ 0" ,O *!$I0) !'$0E'1+;G= !)8 4'$0E'1+:;P5= S&'
$'!*%!)%+ %')8 %0 7$'*(7(%!%' !% ?'$J 10D +01#%(0) 7U+3;<R= D&(1'
%&' 701J/'$(K!%(0)9*0)8')+!%(0) $'!*%(0) (+ &()8'$'8 !% ?'$J
&(E& 7U+:;P5= S&'$'"0$'3 %J7(*!1 7U ?!1#'+ !$' () %&' !77$04(9
/!%' $!)E' 0" 5:< %0 T:X:;G3Q63P53<R= Y) E')'$!13 %&' +#$"!*' !$'! 0"
,O *!$I0) 4'$0E'1+ &!+ ! D'!@ 8'7')8')*' 0) %&' ()(%(!1 +09
1#%(0) 7U () %&' !*(8(* $!)E'3;G3P5= I#% !% ! 7U &(E&'$ %&!) T
%&' +#$"!*' !$'! 8(/()(+&'+ *0/71'%'1J:;PX= U0D'?'$3 %&' 70$'
?01#/' 0" %&' ,O *!$I0) 4'$0E'1+ *!) ()*$'!+' D&') ()*$'!+9
()E %&' 7U3 I#% 0)1J !% &(E& $'!*%!)%+ 8')+(%('+ () %&' ()(%(!1
+01#%(0):;G= S&' +#$"!*' !$'!+ !)8 70$' ?01#/'+ 0" ,O *!$I0)
!'$0E'1+ !1+0 ()*$'!+' +(E)("(*!)%1J D&') ()*$'!+()E %&' 7U:;G=
S&' '1'*%$0*&'/(*!1 80#I1'91!J'$ *!7!*(%!)*' 0" ,O *!$I0)
!'$0E'1+ (+ '47'*%'8 %0 ()*$'!+' D&') ()*$'!+()E %&' 7U3 !)8
%&!% 0" %&' ,O *!$I0) 4'$0E'1 %0 '(%&'$ ()*$'!+' D&') ()*$'!+9
()E %&' 7U !% &(E& $'!*%!)%+ 8')+(%('+ 0$ ?(+' ?'$+!:;G= F&')
%&'+' ,O *!$I0) E'1+ !$' '4!/()'8 "0$ #+' !+ %&' !)08' ()
1(%&(#/9(0) I!%%'$('+3 ()*$'!+()E %&' E'1 7U &!+ E')'$!11J 8'9
*$'!+'8 %&' $'?'$+(I1' 8(+*&!$E' *!7!*(%J 0" %&' 1(%&(#/ (0)+3
'+7'*(!11J "$0/ ,O *!$I0) !'$0E'1+:;5T=
!"!" #$%&'()* &*+ ,-.(*/
S&' /!() "!*%0$ () %&' E'1!%(0) +%'7 (+ %&' *!%!1JK'83 ')9
80%&'$/(*3 701J*0)8')+!%(0) 701J/'$(K!%(0) $'!*%(0) 0" %&'
7$'*#$+0$+ #)8'$ *0)%$011'8 *0)8(%(0)+ %0 "0$/ %&' 701J/'$
+%$#*%#$' @)0D) !+ %&' !N#!E'1 0$ !1*0E'1 D&') #+()E D!%'$
0$ !1*0&013 $'+7'*%(?'1J3 !+ %&' +01?')%: W?'$!113 %&' +%$#*%#$'
!)8 7$07'$%('+ 0" %&' ,O 0$E!)(* !)8 *!$I0) E'1+ 8'7')8
+%$0)E1J 0) %&(+ $'!*%(0) !)8 %&' *0)8(%(0)+ !% D&(*& (% 7$09
*''8+: H +#//!$J 0" %&' '""'*%+ 0" %&' E'1!%(0) !)8 *#$()E






,$ !$ !-.%/0'&1(23 4$ !$ 56''()-,'+0$*()01eO0$/!18'&J8' W$E!)(* !)8 .!$I0) ^'1+
O(E: Q: B*!))()E '1'*%$0) /(*$0+*07J LB[>M (/!E'+ 0" ,O *!$I0) !'$0E'1+
+J)%&'+(K'8 D(%& !M 10D !)8 IM &(E& $'+0$*()01 %0 !1@!1()' *!%!1J+% $!%(0+ !)8
*M 10D $'+0$*()01 %0 !*(8(* *!%!1J+% $!%(0 ;Ga=: L,'7$08#*'8 D(%& 7'$/(++(0) "$0/
4$ 789.:);1'$ ,8-6"13 [1+'?('$3 P66Q:M
Pore size is small
(a)
First stage of gelation Formation of inter-
connected structure
After gelation
Pore size is large
(b)





Reacted resorcinol and formaldehyde
O(E: P: >08'1 0" E'1!%(0) 7$0E$'++ D(%& !M &(E& !)8 IM 10D .-F $!%(0+ ;G<=: L,'9
7$08#*'8 D(%& 7'$/(++(0) "$0/ 4$ 789.:);1'$ ,8-6"13 [1+'?('$3 P66Q:M
! "#$%&'$ ()*$'!+' () %&' ,-. /01!$ $!%(02 &')*'3 ! /!4(/#/
+#$"!*' !$'! $'+ 1%+ !% !) ,-. 0" !56 "0$ %&' 7!$% *#1!$ *0)8(9
%(0)+:;<= >0$'0? $3 %&' 7' @ $!8(#+ 0" %&' ABC ()*$'!+'+ D&')
()*$ !+()E %&' ,-. $!%(0 0$ 8'*$'!+()E %&' .-F $!%(0:;G<= H
/0)08(+7'$+'8 70$' +%$#*%#$' (+ 0I%!()'8 D(%& '(%&'$ ?'$J 10D
,-. 0$ ?'$J &(E& ,-F $!%(0+3 D&'$'!+ !) ()*$'!+' () %&' ,-.
$!%(0 0$ ! 8'*$'!+' () %&' ,-F $!%(0 7$08#*'+ 701J8(+7'$+'8
70$' +%$#*%#$'+:;<= >0$'0?'$3 %&' +(K' 0" %&' E'1 7!$%(*1'+ *!)
I' 7$0/0%'8 %0 %&' /(*$0/'%'$ +*!1' D&') #+()E &(E& ,-. $!9
%(0+3 10D *0)*')%$!%(0)+ 0" $'!*%!)%+ L10D ,-F $!%(0M3 0$3
'N#(?!1')%1J3 10D .-F $!%(0 !+ +&0D) () O(E#$' P3;G<= !)8 10D
E'1!%(0) %'/7'$!%#$'+3 D&(*& )'*'++!$(1J ()*$'!+'+ %&' %(/'
"0$ E'1!%(0):;QR= S&'+' 7!$%(*1'+ !$' +0/'%(/'+ $'"'$$'8 %0 !+
"0!/+ 0$ /(*$0*'11#1!$ /!%'$(!1+:;QR= >0$'0?'$3 %&' '1'*%$09
*&'/(*!1 80#I1'91!J'$ *!7!*(%!)*' ()*$'!+'+ D&') ()*$'!+()E
%&' 8')+(%J 0" %&' E'1;<Q3<T= 0$ $'8#*()E %&' ,-. $!%(0:;<Q3<G=
C(1#%' !*(8+ L':E:3 UVWG 0$ U.1M 0$ I!+'+ L':E:3 VU<WUM
!$' %J7(*!11J #+' !+ I#""'$+ %0 *0)%$01 %&' 7U 0" % ()(%(!1 +09
1#%(0): S&' ()(%(!1 E'1!%(0) 7U &!+ 7$0"0#)8 '""'*%+ 0) %&' "(9
)!1 7$07'$%('+ 0" ,O *!$I0) !'$0E'1+;G= !)8 4'$0E'1+:;P5= S&'
$'!*%!)%+ %')8 %0 7$'*(7(%!%' !% ?'$J 10D +01#%(0) 7U+3;<R= D&(1'
%&' 701J/'$(K!%(0)9*0)8')+!%(0) $'!*%(0) (+ &()8'$'8 !% ?'$J
&(E& 7U+:;P5= S&'$'"0$'3 %J7(*!1 7U ?!1#'+ !$' () %&' !77$04(9
/!%' $!)E' 0" 5:< %0 T:X:;G3Q63P53<R= Y) E')'$!13 %&' +#$"!*' !$'! 0"
,O *!$I0) 4'$0E'1+ &!+ ! D'!@ 8'7')8')*' 0) %&' ()(%(!1 +09
1#%(0) 7U () %&' !*(8(* $!)E'3;G3P5= I#% !% ! 7U &(E&'$ %&!) T
%&' +#$"!*' !$'! 8(/()(+&'+ *0/71'%'1J:;PX= U0D'?'$3 %&' 70$'
?01#/' 0" %&' ,O *!$I0) 4'$0E'1+ *!) ()*$'!+' D&') ()*$'!+9
()E %&' 7U3 I#% 0)1J !% &(E& $'!*%!)%+ 8')+(%('+ () %&' ()(%(!1
+01#%(0):;G= S&' +#$"!*' !$'!+ !)8 70$' ?01#/'+ 0" ,O *!$I0)
!'$0E'1+ !1+0 ()*$'!+' +(E)("(*!)%1J D&') ()*$'!+()E %&' 7U:;G=
S&' '1'*%$0*&'/(*!1 80#I1'91!J'$ *!7!*(%!)*' 0" ,O *!$I0)
!'$0E'1+ (+ '47'*%'8 %0 ()*$'!+' D&') ()*$'!+()E %&' 7U3 !)8
%&!% 0" %&' ,O *!$I0) 4'$0E'1 %0 '(%&'$ ()*$'!+' D&') ()*$'!+9
()E %&' 7U !% &(E& $'!*%!)%+ 8')+(%('+ 0$ ?(+' ?'$+!:;G= F&')
%&'+' ,O *!$I0) E'1+ !$' '4!/()'8 "0$ #+' !+ %&' !)08' ()
1(%&(#/9(0) I!%%'$('+3 ()*$'!+()E %&' E'1 7U &!+ E')'$!11J 8'9
*$'!+'8 %&' $'?'$+(I1' 8(+*&!$E' *!7!*(%J 0" %&' 1(%&(#/ (0)+3
'+7'*(!11J "$0/ ,O *!$I0) !'$0E'1+:;5T=
!"!" #$%&'()* &*+ ,-.(*/
S&' /!() "!*%0$ () %&' E'1!%(0) +%'7 (+ %&' *!%!1JK'83 ')9
80%&'$/(*3 701J*0)8')+!%(0) 701J/'$(K!%(0) $'!*%(0) 0" %&'
7$'*#$+0$+ #)8'$ *0)%$011'8 *0)8(%(0)+ %0 "0$/ %&' 701J/'$
+%$#*%#$' @)0D) !+ %&' !N#!E'1 0$ !1*0E'1 D&') #+()E D!%'$
0$ !1*0&013 $'+7'*%(?'1J3 !+ %&' +01?')%: W?'$!113 %&' +%$#*%#$'
!)8 7$07'$%('+ 0" %&' ,O 0$E!)(* !)8 *!$I0) E'1+ 8'7')8
+%$0)E1J 0) %&(+ $'!*%(0) !)8 %&' *0)8(%(0)+ !% D&(*& (% 7$09
*''8+: H +#//!$J 0" %&' '""'*%+ 0" %&' E'1!%(0) !)8 *#$()E






,$ !$ !-.%/0'&1(23 4$ !$ 56''()-,'+0$*()01eO0$/!18'&J8' W$E!)(* !)8 .!$I0) ^'1+
O(E: Q: B*!))()E '1'*%$0) /(*$0+*07J LB[>M (/!E'+ 0" ,O *!$I0) !'$0E'1+
+J)%&'+(K'8 D(%& !M 10D !)8 IM &(E& $'+0$*()01 %0 !1@!1() *!%!1J+% $ %(0+ !)8
*M 10D $'+0$*()01 %0 !*(8(* *!%!1J+% $!%(0 ;Ga=: L,'7$08#*'8 D(%& 7'$/(++(0) "$0/
4$ 789.:);1'$ ,8-6"13 [1+'?('$3 P66Q:M
Pore size is small
(a)
First stage of gelation Formation of inter-
connected structure
After gelation
Pore size is large
(b)





Reacted resorcinol and formaldehyde
O(E: P: >08'1 0" E'1!%(0) 7$0E$'++ D(%& !M &(E& !)8 IM 10D .-F $!%(0+ ;G<=: L,'9
7$08#*'8 D(%& 7'$/(++(0) "$0/ 4$ 789.:);1'$ ,8-6"13 [1+'?('$3 P66Q:M
! "#$%&'$ ()*$'!+' () %&' ,-. /01!$ $!%(02 &')*'3 ! /!4(/#/
+#$"!*' !$'! $'+#1%+ !% !) ,-. 0" !56 "0$ %&' 7!$%(*#1!$ *0)8(9
%(0)+:;<= >0$'0?'$3 %&' 7'!@ $!8(#+ 0" %&' ABC ()*$'!+'+ D&'
()*$'!+()E %&' ,-. $!%(0 0$ 8'*$'!+()E %&' .-F $!%(0:;G<= H
/0)08(+7'$+'8 70$' +%$#*%#$' (+ 0I%!()'8 D(%& '(%&'$ ?'$J 10D
,-. 0$ ?'$J &(E& ,-F $!%(0+3 D&'$'!+ !) ()*$'!+' () %&' ,-.
$!%(0 0$ ! 8'*$'!+' () %&' ,-F $!%(0 7$08#*'+ 701J8(+7'$+'8
70$' +%$#*%#$'+:;<= >0$'0?'$3 %&' +(K' 0" %&' E'1 7!$%(*1'+ *!)
I' 7$0/0%'8 %0 %&' /(*$0/'%'$ +*!1' D&') #+()E &(E& ,-. $!9
%(0+3 10D *0)*')%$!%(0)+ 0" $ !*% %+ L10D ,-F $!%(0M3 0$3
'N#(?!1')%1J3 10D .-F $!%(0 !+ +&0D) () O(E#$' P3;G<= !)8 10D
E'1!%(0) %'/7'$!%#$'+3 D&(*& )'*'++!$(1J ()*$'!+'+ %&' %(/'
"0$ E'1!%(0):;QR= S&'+' 7!$%(*1'+ !$' +0/'%(/'+ $'"'$$' %0 !+
"0!/+ 0$ /(*$0*'11#1!$ /!%'$(!1+:;QR= >0$'0?'$3 %&' '1'*%$09
*&'/(*!1 80#I1'91!J'$ *!7!*(%!)*' ()*$'!+'+ D&') ()*$'!+()E
%&' 8')+(%J 0" %&' E'1;<Q3<T= 0$ $'8#*()E %&' ,-. $!%(0:;<Q3<G=
C(1#%' !*(8+ L':E:3 UVWG 0$ U.1M 0$ I!+'+ L':E:3 VU<WUM
!$' %J7(*!11J #+'8 ! I#""'$+ %0 *0)%$01 %&' 7U 0" %&' ()(%(!1 +09
1#%(0): S&' ()(%(!1 E'1!%(0) 7U &!+ 7$0"0#)8 '""'*%+ 0) %&' "(9
)!1 7$07'$%('+ 0" ,O *!$I0) !'$0E'1+;G= !)8 4'$0E'1+:;P5= S&'
$'!*%!)%+ %')8 %0 7$'*(7(%!%' !% ?'$J 10D +01#%(0) 7U+3;<R= D&(1'
%&' 701J/'$(K!%(0)9*0)8')+!%(0) $'!*%(0) (+ &()8'$'8 !% ?'$J
&(E& 7U+:;P5= S&'$'"0$'3 %J7(*!1 7U ?!1#'+ !$' () %&' !77$04(9
/!%' $!)E' 0" 5:< %0 T:X:;G3Q63P53<R= Y) E')'$!13 %&' +#$"!*' !$'! 0"
,O *!$I0) 4'$0E'1+ &!+ ! D'!@ 8'7')8')*' 0) %&' ()(%(!1 +09
1#%(0) 7U () %&' !*(8(* $!)E'3;G3P5= I#% !% ! 7U &(E&'$ %&!) T
%&' +#$"!*' !$'! 8(/()(+&'+ *0/71'%'1J:;PX= U0D'?'$3 %&' 70$'
?01#/' 0" %&' ,O *!$I0) 4'$0E'1+ *!) ()*$'!+' D&') ()*$'!+9
()E %&' 7U3 I#% 0)1J !% &(E& $'!*%!)%+ 8')+(%('+ () %&' ()(%(!1
+01#%(0):;G= S&' +#$"!*' !$'!+ !)8 70$' ?01#/'+ 0" ,O *!$I0)
!'$0E'1+ !1+0 ()*$'!+' +(E)("(*!)%1J D&') ()*$'!+()E %&' 7U:;G=
S&' '1'*%$0*&'/(*!1 80#I1'91!J'$ *!7!*(%!)*' 0" ,O *!$I0)
!'$0E'1+ (+ '47'*%'8 %0 ()*$'!+' D&') ()*$'!+()E %&' 7U3 !)8
%&!% 0" %&' ,O *!$I0) 4'$0E'1 %0 '(%&'$ ()*$'!+' D&') ()*$'!+9
()E %&' 7U !% &(E& $'!*%!)%+ 8')+(%('+ 0$ ?(+' ?'$+!:;G= F&')
%&'+' ,O *!$I0) E'1+ !$' '4!/()'8 "0$ #+' !+ %&' !)08' ()
1(%&(#/9(0) I!%%'$('+3 ()*$'!+()E %&' E'1 7U &!+ E')'$!11J 8'9
*$'!+'8 %&' $'?'$+(I1' 8(+*&!$E' *!7!*(%J 0" %&' 1(%&(#/ (0)+3
'+7'*(!11J "$0/ ,O *!$I0) !'$0E'1+:;5T=
!"!" #$%&'()* &*+ ,-.(*/
S&' /!() "!*%0$ () %&' E'1!%(0) +%'7 (+ %&' *!%!1JK'83 ')9
80%&'$/(*3 701J*0)8')+!%(0) 701J/'$(K!%(0) $'!*%(0) 0" %&'
7$'*#$+0$+ )8'$ *0)%$011'8 *0)8(%(0)+ %0 "0$/ %&' 701J/'$
+%$#*%#$' @)0D) !+ %&' !N#!E'1 0$ !1*0E'1 D&') #+()E D!%'$
0$ !1*0&013 $'+7'*%(?'1J3 !+ %&' +01?')%: W?'$!113 %&' +%$#*%#$'
!)8 7$07'$%('+ 0" %&' ,O 0$E!)(* !)8 *!$I0) E'1+ 8'7')8
+%$0)E1J 0) %&(+ $'!*%(0) !)8 %&' *0)8(%(0)+ !% D&(*& (% 7$09
*''8+: H +#//!$J 0" %&' '""'*%+ 0" %&' E'1!%(0) !)8 *#$()E






,$ !$ !-.%/0'&1(23 4$ !$ 56''()-,'+0$*()01eO0$/!18'&J8' W$E!)(* !)8 .!$I0) ^'1+
O(E: Q: B*!))()E '1'*%$0) /(*$0+*07J LB[>M (/!E'+ 0" ,O *!$I0) !'$0E'1+
+J)%&'+(K'8 D(%& !M 10D !)8 IM &(E& $'+0$*()01 %0 !1@!1()' *!%!1J+% $!%(0+ !)8
*M 10D $'+0$*()01 %0 !*(8(* *!%!1J+% $!%(0 ;Ga=: L,'7$08#*'8 D(%& 7'$/(++(0) "$0/
4$ 789.:);1'$ ,8-6"13 [1+'?('$3 P66Q:M
Pore size is small
(a)
First stage of gelation Formation of inter-
connected structure
After gelation
Pore size is large
(b)





Reacted resorcinol and formaldehyde
O(E: P: >08'1 0" E'1!%(0) 7$0E$'++ D(%& !M &(E& !)8 IM 10D .-F $!%(0+ ;G<=: L,'9
7$08#*'8 D(%& 7'$/(++(0) "$0/ 4$ 789.:);1'$ ,8-6"13 [1+'?('$3 P66Q:M
a b 
     25  
Recently,  Rolison’s  group  proposed  the  idea  to  decorate  the  interior  of  porous  3D  
carbon  aerogel  materials.  Carbon  aerogel  is  an  idea  candidate  for  novel  nano-­‐‑
architectured  electrodes  to  enhance  energy  storage  efficiency,  because  it  provides  a  
preformed  carbon  scaffold.  They  proposed  a  conformal  electrochemical  active  metal  
oxide  coating  around  the  carbon  aerogel  via  self-­‐‑liming  electroless  deposition  
method.60,61  Compared  with  carbon/metal  oxide  mixture  and  metal  oxide  coated  carbon  
particles,  this  nano-­‐‑architectured  electrode  design  provides  uninterrupted  electron-­‐‑
conducting  pathways  throughout  carbon  scaffold  (Figure  23).  
  
Figure  23:  Electrolyte-­‐‑infiltrated  electrode  structures  incorporating  electron  
paths,  active,  and  inactive  materials,  using  composites,  versus  a  nanoarchitecture  
incorporating  electron  paths  wired  to  the  active  material.62  
1.5 Metal oxide-carbon composites  
The  significance  of  iron  oxides  as  LIB  anode  materials  has  been  discussed  in  the  
previous  section.  Here,  the  introduction  mainly  focuses  on  the  iron  oxide-­‐‑carbon  
composites,  and  several  examples  of  other  metal  oxides  will  be  covered.  Finally,  the  
limitations  of  all  these  current  composites  for  LIBs  anodes  will  be  summarized  in  this  
section.  
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To  address  the  issues  of  low  electronic  conductivity  and  volume  change,  carbon-­‐‑
Fe3O4  composites  have  been  studied  as  LIB  anode  materials  with  high  specific  capacities.  
Cheng’s  group  reported  graphene  sheets  wrapped  Fe3O4,  in  which  graphene  sheets  
serve  as  flexible  confinement  for  Fe3O4  volume  change  upon  cycling  (Figure  24).36  In  
addition,  Fe3O4  nanoparticles  are  prevented  from  agglomeration  due  to  the  presence  of  
graphene  sheets.  This  material  delivered  a  reversible  capacity  of  580  mAh/g  after  100  
cycles  at  700  mA/g.  Guo’s  group  coated  mono-­‐‑dispersed  Fe3O4  nano-­‐‑spindles  with  a  
uniform  and  continuous  carbon  layer  around  2-­‐‑10  nm,  as  can  be  seen  from  the  scanning  
electron  microscopy  (SEM)  images  in  Figure  25.63  This  carbon  layer  plays  a  significant  
role  in  maintaining  the  structure  of  iron  oxide,  and  increased  the  electronic  conductivity  
as  well.  
  
Figure  24: Schematic  of  a  flexible  structure  of  GNSs  and  Fe3O4  particles.36  
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of electrical connection of anode materials from current
collectors.
Strategies have been proposed to mitigate the pulver-
ization and further enhance the structural stability of
electrode materials, such as nanostructuring, designing
unique configurations, controlling pore structures, and
a combination of micro/nanostructures, which are ex-
pected to conquer the challenge with good cyclic perfor-
mance as well as to maintain high specific capacity.22 The
concepts of inner-pore or internanotube confinement
are utilized to disperse metal or metal oxide particles to
ordered mesoporous carbon23,24 or carbon nanotubes25,26
to release the volume expansion, while improving the
cycling stability. However, the large specific surface area
of mesoporous carbon raises the risk of secondary reac-
tions for electrolyte decomposition17 and the stiff carbon
framework is not good for buffering the huge volume
expansion. With respect to the void space inside a nano-
tube, the restricted inner surface area is insufficient for
active materials to be well adhered and homogeneously
distributed. A carbon coating is widely used for preventing
the exfoliation of the inner active material as well as
improving the electrical conductivity of electrodematerials,
such as carbon decorated Si,27,28 SnO2,
29,30 and iron
oxides.17,18,31,32 Because the carbon coating tightly wraps
the surface of the active materials, it somehow cannot
effectively release the large strain caused by volume ex-
pansion and also increases the resistance for lithium ion to
reach the core of active materials. Recently, a new type of
nanoarchitecture, a hollow structure together with carbon
coating, was proposed and it manifests improved cycling
performance and rate capability.33,34 To circumvent the
challenges faced by inner-pore filling or exterior coating, a
flexible confining structure is expected to provide enough
buffer space for improving the cycling stability of anode
materials by reducing the pulverization.
Graphene nanosheets (GNSs) possess an open porous
system.35 More importantly, the porous texture of GNSs
causes the material to be flexible due to the lack of rigid
connections between adjacent nanosheets. This flexible
porous system could be used as a confining structure
with substantial buffering capability to reduce electrode
pulverization. Additionally, GNSs also have excellent
electrical conductivity.36-38 Inspired by these features,
graphene and graphene-based materials have been re-
cently explored in LIBs.39-47 However, the aggregation
of GNSs makes it difficult to demonstrate their superior
properties. Therefore, we take the advantages of the
characteristics of GNSs to construct a unique flexible
interleaved structure with layer-by-layer of GNS and
oxide anode materials, uniting the two building blocks
for reducing the pulverization of these materials and
enhancing their cycling stability, as well as inhibiting
the degree of restacking of GNSs. The interleaved net-
work of GNSs produce pathways for electron transport
(Scheme 1), and can obviously improve the electrical
conductivity of the electrode. It is expected that such a
flexible confining structure can be used to fabricate other
composite anode materials with metals or metal oxides.
Herein, we report an easy approach for obtaining a well-
organized flexible interleaved composite ofGNSsdecorated
Scheme 1. Schematic of a Flexible Interleaved Structure
Consisting of GNSs and Fe3O4 Particles
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Figure  25:  (a)  SEM  image  of  the  as-­‐‑synthesized  hematite  spindles.  (b)  SEM  
image  of  the  carbon  precursor  coated  hematite  spindles.  (c)  SEM  image  of  the  carbon  
coated  Fe3O4  spindles  (Fe3O4–C  composites).  (d)  High  resolution  TEM  image  of  the  
Fe3O4–C  composites.  The  insets  are  close  views  of  corresponding  samples,  all  
unmarked  scale  bars  are  50  nm.63  
Guan’s  group  reported  a  yolk–shell  Fe3O4@C  composite  as  high-­‐‑rate  LIB  anode  
material.64  After  etching  the  sacrifice  SiO2  layer,  there’s  empty  space  in  between  the  
Fe3O4  core  and  carbon  shell  (Figure  26).  This  interstitial  void  space  can  well  
accommodate  the  huge  volume  change  of  iron  oxides  during  cycling  process.    
  
Figure  26:  (a)  Schematic  illustration  of  the  formation  of  the  yolk–shell  Fe3O4@C  









inner active materials and maintain their
high capacities.[26–29] In this Full Paper, we
successfully synthesize a superior anode
material for lithium-ion batteries by intro-
ducing carbon coatings on the surface of iron
oxide nanospindles. It is found that the
carbon coating layers not only enhance
the electronic conductivity of electrode
materials, but also lead to stabilized SEI
films. As a result, the as-prepared carbon
coated Fe3O4 nanospindles exhibit very
high specific capacity (!749mA h g"1 at
C/5 and !600mA h g"1 at C/2), significantly
improved cycling performance, and high
rate performance compared with commer-
cial magnetite particles and bare hematite
nanospindles.
2. Results and Discussion
The carbon coated magnetite nanospin-
dles were prepared by in situ partial
reduction of hematite spindles with carbon
coatings. First, the monodispersed spindle
hematite particles were synthesized by
forced hydrolysis of ferric chloride solutions with small
additions of phosphate ions at elevated temperatures.[30]
Figure 1a shows the scanning electron microscopy (SEM)
image of as-synthesized hematite spindles. All particles are
spindles alike, composed of tiny crystals. They have a mean
particle length of about 470 nm and a diameter of about
106 nm. The detailed statistical distributions of the particle
length and diameter are shown in Figure 2a and b, respectively.
Figure 3a shows the power X-ray diffraction (XRD) pattern of
the same sample, in which all peaks are in good agreement with
a-Fe2O3 (JCPDS no. 89-8103, a¼ b¼ 5.020 A˚, c¼ 13.719 A˚).
Both the morphology and structure are in agreement with
those reported in the literature.[30]
Secondly, the carbon precursor layers were coated on the
outer surface of the hematite spindles by pyrolysis of glucose
under hydrothermal conditions.[29,31] Figure 1b shows the SEM
micrograph of the carbon-precursor-coated hematite spindles;
it can be seen that there is no significant change in morphology,
indicating uniform carbon coatings. Finally, the products were
dried and heat-treated at 600 8C for about 12 h under N2
W.-M. Zhang et al. /A Superior Anode Material for Lithium-Ion Batteries
Figure 1. a) SEM image of the as-synthesized hematite spindles. b) SEM
image of the carbon precursor coated hematite spindles. c) SEM image of
the carbon coated Fe3O4 spindles (Fe3O4–C composites). d) high-resol-
ution transmission electron microscopy (TEM) image of the Fe3O4–C
composites. The insets are close views of corresponding samples, all
unmark d scal bars are 50 nm.
Figure 2. The a) length and b) diameter distributions of bare a-Fe2O3 nanospindles in initial,
lithiated and de-lithiated state; the c) length and d) diameter distributions of Fe3O4–C nanos-
pindles in initial, lithiated, and de-lithiated state. The inset in the left top picture shows the
meaning of length and diameter for a spindle.
Figure 3. XRD patterns of a) hematite spindles, and b) Fe3O4–C compo-
sites. They are identified as rhomb-centered a-Fe2O3 (JCPDS no. 89-8103)
and face-centered Fe3O4 (JCPDS no. 65-3107), respectively.
3942 www.afm-journal.de ! 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3941–3946
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Feng’s  group  reported  two-­‐‑dimensional  carbon-­‐‑coated  graphene/metal  oxide  
hybrids  for  lithium  storage  application.65  After  the  iron  oxide  nanoparticles  grown  on  
the  graphene  nanosheets,  phenol-­‐‑formaldehyde  (PF)  resol  polymer  coating  were  
introduced,  and  finally  converted  to  conductive  carbon  layer  (Figure  27).  This  carbon  
layer  can  reserve  the  embedded  iron  oxide  nanoparticles  during  lithium  storage  process,  
and  provide  conductivity  between  graphene  sheets.  
  
Figure  27: Schematic  illustration  of  synthesis  of  2D  core-shell  G@MO@C  
hybrids:  (a)  hydrolysis  of  metal  salt  on  GO;  (b)  in-­‐‑situ  polymerization  of  PF  on  
G@MO;  (c)  carbonization  of  PF.65  
Similar  to  iron  oxides,  titanium  dioxides  also  require  carbon  materials  to  provide  
conductivity  in  lithium  ion  battery.  For  example,  Luo’s  group  reported  the  structure  of  
anatase  TiO2  nanosheets  directly  grown  on  the  carbon  nanotube  backbones  (Figure  28).66  
The  surfaces  of  titanium  dioxide  sheets  were  exposed  for  electrochemical  reaction  with  
lithium  ions,  and  the  inner  CNT  provided  superior  electron  conductivity.  A  reversible  
SU ET AL. VOL. 6 ’ NO. 9 ’ 8349–8356 ’ 2012
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wh le keepi g the overall electrode highly c duc ive
and active in lithium storage.9!13
In this work, we present an unprecedented strategy
to fabricate 2D G@MO nanosheets confined within a
carbon la er (G@MO@C). The ver ll syntheti pr c -
dure of G@MO@C is illustrated in Scheme 1. First, 2D
G@MO nanosheets were synthesized via an in situ
hydrolysis of corresponding metal salt on the poly-
(dimethyldiallyl ammonium) chloride (PDDA) functio-
nalized graphene oxide (GO). Next, in situ polymeri-
zation of phenol and formaldehyde in the presence of
G@MO generated a phenol-formaldehyde (PF) resol
encapsulated product, namely G@MO@PF. Finally,
thermal treatment of G@MO@PF at 500 !C in N2 led
to the formation of a carbon shell coated over G@MO.
By this means, monodisperse 2D core!shell hybrids,
such as G@SnO2@C and G@Fe3O4@C, could be fabri-
cated, indicating the general applicability of our syn-
thetic protocol. The formed 2D core!shell hybrids
inherit the features from graphene13 that possesses
high electrical conductivity, large aspect ratio, and
negligible thickness. As a consequence, the obtained
G@MO@C manifests superior reversible capacity, cycle
performance, and rate performance compared with
bare G@MO. Moreover, owing to the efficient protec-
tion of the carbon shells, G@MO@C even exhibits much
higher cycling stability than the other recently reported
graphene-based MO composites, which generally suffer
from the exfoliation of MO particles and rapid fading
capacity after the first decades of cycles.29!32
RESULTS AND DISCUSSION
The morphology and structure of the resultant
G@SnO2, G@SnO2@PF, and G@SnO2@C were exam-
ined by field emission scanning electron microscope
(FE-SEM), transition electron microscope (TEM), and
atomic force microscope (AFM) measurements. SEM
image of G@SnO2 reveals that SnO2 nanoparticles are
uniformly deposited on graphene to form 2D sand-
wich-like architecture (Figure 1a). After the introduc-
tion of an additional PF layer, SEM (Figure 1b) and TEM
(Figure 1c) characterizations show that the 2D mor-
phology can be well maintained for G@SnO2@PF. AFM
study further suggests a thickness of about 12 and
20 nm for G@SnO2 and G@SnO2@PF, respectively
(Figure 1e,f). It is noted that G@SnO2@PF displays a
smoother surface than G@SnO2. These results thus
unambiguously validate that an additional polymer
layer has been successfully introducedwith a thickness
of about 4 nm on each side of G@SnO2. Upon thermal
treatment at 500 !C, SnO2 nanoparticles remain homo-
geneously distributed in G@SnO2@C (Figure 1d). TEM
images of G@SnO2@C (Figure 2a) clearly show that
the SnO2 nanoparticles feature a size of 3!5 nm and are
fully imbedded in the carbon shell. The lattice fringe
orientations in the high-resolution TEM (HRTEM) image
(Figure 2b) demonstrate clear shell lattice fringes with
d-spacings of 0.33 nm, corresponding to the (110)
planes of rutile phase SnO2. Furthermore, as unraveled
by the elemental mapping of G@SnO2@C for C, Sn,
and O (Figure 2c), the homogeneous distribution of
SnO2 nanoparticles in these nanocomposites can be
reserved after the coating of carbon layers.
Next, a powder X-ray diffraction (XRD) experiment
was carried out to gain insight into the internal struc-
ture of G@SnO2 and G@SnO2@C. Apparently, both
hybrids exhibit similar patterns (Figure 3a), and all
intensive peaks can be well indexed to rutile SnO2
(JCPDS No. 41-1445), suggesting that the deposition of
Scheme 1. Schematic illustration of synthesis of 2D core!
shell G@MO@C hybrids: (a) h drolysis of metal salt on GO;
(b) in-situ polymerization of PF on G@MO; (c) carbonization
of PF.
Figure 1. SEM images of (a) G@SnO2 and (b) G@SnO2@PF;
TEM images of (c) G@SnO2@PF and (d) G@SnO2@C; AFM
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capacity  of  around  300  mAh/g  was  retained  at  current  density  of  168  mA/g  after  120  
charge–discharge  cycles  in  the  voltage  window  of  0.01  to  3.00  V  vs  Li+/Li.    
  
Figure  28:  (a)  SEM  image  and  (b,  c)  TEM  images  of  TiO2-­‐‑nanosheets66  
Maier’s  group  reported  the  structure  of  carbon  nanotube  coaxially  coated  by  
porous  TiO2  sheath  (Figure  67).67  Moreover,  CNTs  not  only  provided  conductivity  for  the  
storage  material  TiO2,  they  efficiently  stored  lithium  as  well.  The  lithium  storage  was  
improved  by  the  presence  of  these  two  intimately  connected  components.  
  
Figure  67: (a)  Schematic  illustration  of  coaxial  nanocables  with  electronically  
conducting  core  (CNTs)  and  Li+  providing  nanoporous  sheath  (TiO2).  (b)  
Corresponding  schematic  illustration  of  the  effectively  mixed  conducting  3D  
networks  formed  by  the  nanocables  and  carbon  black.67  
SnO2  shows  tremendous  volume  change  up  to  300%  during  the  reaction  with  
lithium  ions.  This  drastic  change  hinders  the  application  of  SnO2  as  LIB  anode  material  
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surface is greatly increased. In the current synthesis system, 
diethylenetriamine is used not only to ensure the formation 
of TiO 2 nanosheets, [ 25 ] but also to help the assembly of TiO 2 
nanosheets on the surface of an acid-treated carbonaceous 
support, such as graphene sheets, [ 27 ] which may also be pro-
moted by electrostatic interaction. 
 We further show that these unique TiO 2 NSs can also be 
successfully grown onto core-shell SnO 2 @CNT nanocables, 
where a layer of SnO 2 was fi rst deposited conformally on 
the CNTs. Figure  1 D shows that the overall texture of these 
TiO 2 -NSs@SnO 2 @CNT 1D structures is almost identical to 
that of TiO 2 -NSs@CNT (Figure  1 A). TEM examination agai  
confi rms the uniform coating of both the intermediate SnO 2 
layer and the outer TiO 2 NSs (Figure  1 E). Additionally, due to 
the presence of the SnO 2 layer, the contour of the CNT back-
bone can be much better identifi ed than in the TiO 2 -NSs@
CNTs (compare Figure  1 F and C). Interestingly, by slightly 
modifying the experimental conditions (see Experimental Sec-
tion), we were able to grow SnO 2 NSs on the CNT backbone, 
with the morphology shown in Figure  1 G. TEM of this inter-
esting structure (Figure  1 H) reveals the uniform growth of 
SnO 2 NSs on CNTs. Under a higher magnifi cation (Figure  1 I), 
it can be clearly observed that the structure of SnO 2 NSs is dif-
ferent to that of TiO 2 NSs, as the individual SnO 2 NS assumes 
a semicircle shape with a diameter of ca. 100 nm. Due to the 
smaller lateral dimension of the the SnO 2 NSs, they appear to 
be much more rigid, “standing” upright on the CNT backbone 
with a less dense arrangement. The mercaptoacetic acid used 
in the current system plays a critial role in 
the formation of the SnO 2 nanosheets, since 
only SnO 2 nanoparticles will be formed 
without the addition of this chemical. [ 24 ] 
More importantly, the mercaptoacetic acid 
may also act as a molecular linker that 
binds initially formed SnO 2 particles to the 
CNTs. [ 19 ] 
 The chemical composition of the samples 
was characterized by using X-ray diffrac-
tion (XRD;  Figure  2 A). It is clear from pat-
tern I that all the diffraction peaks can be 
assigned to anatase TiO 2 (JCPDS card no. 
21-1272, S.G.:  I 4 1 / amd ,  a o  = 3.7852 Å,  c o  = 
9.5139 Å). [ 25 ] The peak at 2 θ  = 26 ° , which 
corresponds to the (002) diffraction of CNTs, 
almost overlaps with the (101) peak of ana-
tase TiO 2 , which makes it diffi cult to iden-
tify from the current diffraction pattern. 
Similarly, all the diffraction peaks of SnO 2 -
NSs@CNT (Figure  2 A, pattern II) can be 
indexed to pure rutile SnO 2 (JCPDS card 
no.41-1445, SG:  P 4 2 /mnm,  a o  = 4.738 Å,  c o  = 
3.187 Å). [ 28 ] The weight fraction of CNTs in 
the two hybrid materials was determined by 
thermogravimetric analysis (TGA), with the 
results shown in Figure  2 B. Both samples 
show signifi cant weight loss at about 600  ° C, 
which is attributed to the combustion of the 
CNT backbone. [ 29 ] After reaching 800  ° C, 
TiO 2 -NSs@CNT and SnO 2 -NSs@CNT show 
a total weight loss of 29% and 7%, respectively. The surface 
structure of the samples was subsequently characterized by 
N 2 -sorption measurement. Both samples showed similar N 2 
adsorption–desorption isotherms ( Figure  3 ); a small hysteresis 
loop can be observed between the relative pressure of 0.4–0.9, 
which indicates the presence of a poorly defi ned mesoporous 
structure. From the pore size distributions (Figure  3 inset), 
both samples possess mesopores with a relatively wide size 
distribution. We can conclude that, TiO 2 -NSs@CNT and SnO 2 -
NSs@CNT have very high surface areas of 170 and 70 m 2 g  − 1 , 
respectively. 
 W  then investigated the electrochemical properties of these 
samples for application as potential anode materials for LIBs. 
 Figure  4 A shows the representative cyclic voltammograms 
(CVs) of TiO 2 -NSs@CNT in the voltage range of 1.0–3.0 V. A 
pair of redox current peaks can be clearly identifi ed at about 1.7 
and 2.3 V during the cathodic and anodic sweeps, respectively. 
These peaks signify the insertion/deinsertion processes of 
lithium into/out of the anatase framework. The current inten-
sity of the cathodic peak decreases during the course of the fi rst 
fi ve scans, which indicates the occurrence of some irrevers-
ible reactions in the electrode material. Such changes are not 
discerned in the anodic peak, which implies that the lithium 
extraction has taken place to a similar extent in all cycles. 
Figure  4 B displays the charge–discharge voltage profi les of 
TiO 2 -NSs@CNT at a current density of 1 C (1 C was defi ned as 
168 mA g  − 1 ). Consistent with the above CV analysis, two distinct 
voltage plateaus can be observed during the discharge–charge 
 Figure  1 .  A) SEM image and B,C) TEM images of TiO 2 -NSs@CNT; D) SEM image and 
E,F) TEM images of TiO 2 -NSs@SnO 2 @CNT; G) SEM image and H,I) TEM images of SnO 2 -
NSs@CNT. 
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electrons.18-25 Only a few exceptional materials (such as
Ag2S) provide fast ionic and electronic conduction even
at room temperature that is sufficient to enable rapid
chemical transport even in big crystals. Many more
materials, such as carbon, provide sufficient electronic
conductivity but lack of sufficient ion conductivity. He
an appropriate solution is the preparati n of nanoporous
carbon structures (or even better, hierarchically porous
carbon structures) in which then the ionic path is pro-
vided by the liquid electrolyte penetrating into the
pores.26 The diffusion length of the active material is
now determined by the distances between the pores. As it
is of nano size the diffusion time is-in spite of the low
intrinsic diffusi n coefficients-negligible.5,27 In such
cases, the ion transfer through the solid electrolyte inter-
phase (SEI) is still a problem. After all, the necessary
mixed conduction (Liþ and e-) is provided by the hetero-
geneous network. The same principle of “effectively
mixed conductingmaterials” can be extended tomaterials
in which now both electronic and ionic transport is
poor.28 It was shown that excellent properties can then
be attained by not only nanostructuring it but by provid-
ing metallization of the pores.19,20 To become commer-
cially viable, a cost-effective coating material is desired to
replace the expensive RuO2 used in refs 19 and 20 for such
nanostructures. One contribution to solve the problem is
the use of a 3D current collector network of Cu nanorods,29
which leads to much enhanced power performance but is
naturally not meant for achieving high energy demands
because of the limitation of the electrode thickness, which
is determined by the length of the Cu nanorods fabricated
by template-synthesis method. Carbon nanotube (CNT)
is one of the best materials choices in views of facile
fabrication an high elec ronic conductivity. CNT is also
a fine Li-storage host as well as a fast Li insertion-extrac-
tion host at a low voltage, which makes it an attractive
anode material for lithium-ion batteries.30 However, the
practical applications suffer from a high level of irrever-
sibility (low columbic efficiency) and poor cycle life
because of the pronounced surface reactions between
CNTs and lectrolyte.
The basic point i our paper is the mutually beneficial,
i.e., symbiotic, role of the two intimately connected
phases CNT and TiO2. CNT is not just a metallizer for
the storagematerial TiO2, it efficiently stores Li aswell. In
turn, for the storage of Li in CNT, the TiO2 proves
helpful, too. It allows for a rapid access of ions to the
CNT. As a consequence, the storage properties (as shown
below) are s perior to those of both individual constitu-
ent . To stress it gain: The storage of TiO2 is improved
by the contact with CNT and, even more remarkably, the
storage in CNT is improved by the presence of TiO2.
There are not verymanymorphological solutions one can
think of to realize this concept. One possibility could be
bilayers of carbon and titania immersed in the liquid
electrolyte. This is though a rather academic play of
thoughts. An optimum solution indeed is the nanocable
network presented here (see Figure 1). It is not only
elegant, its realization is facile and it offers excellent
properties. A very favorable point consists in the fact
that the tips of the cables are carbon-terminated (see
Figure 2c), enabling necessary electronic percolation.
To contact these tips, we admix carbon black on a micro-
meter scale, as shown in Figure 1b. In this way, two
effectively mixed conducting networks are established,
one on the nano, the other on the microscale.
Figure 1. Symbiotic coaxial nanocables. (a) Schematic illustration of symbiotic coaxial nanocables with electronically conducti g core (e.g., CNTs) and
Liþ providing nanoporous sheath (e.g., TiO2). (b) Corresponding schematic illustration of the effectively mixed conducting 3D networks formed by the
nanocables and carbon black.
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instance,  hollow  SnO2  nanosphere with  uniform  size  and  large  void  space,  or  a  flexible  
coating  of  amorphous  carbon  would  alleviate  the  pulverization  issues  (Figure  29).68    
  
  
Figure  29:  Schematic  illustration  of  three  basic  nanostructures  to  alleviate  the  
pulverization  problem  in  SnO2  anode  materials:  (a)  hollow  structures  (b)  2D  
nanosheets,  and  (c)  amorphous  carbon  coating.68  
Here,  it  is  noteworthy  that  all  the  carbon-­‐‑metal  oxide  composites  introduced  here  
are  powders.  That  means  the  slurry-­‐‑cast  method  is  necessary  to  test  these  materials  as  
LIB  anodes.  The  current  collector,  binder,  and  carbon  additives  all  contribute  to  the  total  
weight  of  the  electrode  in  the  coin  cell.  In  the  following  section,  lightweight  CNT-­‐‑metal  
oxide  composite  films  will  be  further  elaborated.  
Reaction (1) is generally considered as irreversible, although it
has been suggested to be partially reversible in some studies.22,24
The alloying/dealloying reaction described by reaction (2)
endows SnO2 with the capability to accommodate maximally 4.4
Li per Sn, corresponding to a theoretical specific capacity of
!790 mA h g"1. Hence, lithium storage in SnO2 is essentially
analogous to that in pure Sn and Si, but with unique charac-
teristics.7 Two features are generally identified in SnO2-based
anodes. Specifically, the Coulombic efficiency is normally low in
the first few charge/discharge cycle. Hence there is a large
capacity loss initially, which is caused by the occurrence of
irreversible processes, including the reduction of SnO2 to Sn and
the formation of a solid–electrolyte interface (SEI) layer.25,26
Secondly, rapid capacity fading still takes place in the subsequent
cycles, making bulk SnO2 unsuitable for the practical applica-
tion. The major cause of this fast capacity fading has been
identified as the tremendous volume change of up to 200% upon
full lithiation of metallic Sn, forming the Li4.4Sn alloy.
27
Consequently, the integrity of the electrode is severely damaged
due to the pulverization of electrodes and the loss of electric
contact after repeated charge/discharge cycles.
The huge mechanical strain upon lithiation is an intrinsic
characteristic of SnO2-based anodes associated with the alloying
reaction that is also exactly the origin for the exceptional
lithium storage capability. Despite the fact that this fatal
drawback seems difficult to completely eliminate, several strat-
egies have been proposed to mitigate the effect as shown in
Fig. 1. One effective protocol is to use pre-constructed void
space to accommodate the volume variation, such as hollow and
mesoporous particles.9,25,28 Nanowires and nanosheets exemplify
the capability of low-dimensional structures which can sustain
large lithium insertion strain.29–31 In these two approaches,
volume variation results in less deterioration since it takes place
in nanoscale dimension (e.g., shells of hollow particles and
lateral direction of nanosheets). In addition, introducing a flex-
ible and stable overlayer of materials such as amorphous carbon
would also effectively counteract the pulverization.21–23 Essen-
tially, these nanostructures are expected to maintain the struc-
tural integr tion after expansion and contr cti n taking
advantage of either the inherent structural features or the
external mechanical supports, which can be easily understood
intuitively as demonstrated in Fig. 1. However, the improved
cycling performance achieved in nanocomposites is always
accompanied by some compromise such as lowered
volumetric capacity due to the decreased content of the active
material.
2.1. SnO2 hollow structures via template-free approaches
Hollow structures are of great interest in a wide range of appli-
cations, including biomedical engineering, photonics, chemical
catalysis and energy conversion/storage.32 One-pot syntheses of
hollow structures based on novel mechanisms have recently
drawn considerable attention.33,34 SnO2 hollow structures have
also been produced through various facile one-pot
approaches.28,35Compared to template-assisted approaches, one-
pot template-free methods have many advantages, such as ease
of synthesis procedures, low cost and rapid scalability.32
A facile one-pot template-free approach towards SnO2 hollow
spheres in a hydrothermal system has been previously devel-
oped.9 Through detailed time-series investigation, the sponta-
neous formation of the hollow structure is rationalized by the
unique inside-out Ostwald ripening mechanism as illustrated in
Fig. 2a. In the hydrothermal process, ultrafine SnO2 nano-
particles are firstly formed via the hydrolysis of a precursor
(K2SnO3$3H2O), followed by self-assembling into spherical
amorphous aggregates. As the reaction progresses, the amor-
phous SnO2 spheres start to crystallize from the exterior surface,
where the interaction with the solution probably facilitates the
crystallization process. Consequently, the less crystallized parti-
cles located in the center of the aggregates are less stable and tend
to dissolve gradually, followed by outward diffusion and re-
crystallization at the outer region. Eventually, the ripening
process leads to the formation of compact but porous shells and
interior cavities.
Guided by the above mechanism, SnO2 hollow nanospheres
with uniform size and large void space are synthesized under
optimized conditions as shown in the field emission scanning
electron microscopy (FESEM) and transmission electron
microscopy (TEM) images (Fig. 2b and c).9,24 The highly porous
shell structure is confirmed by the N2 adsorption/desorption
isotherm, which gives rise to a relatively high Brunauer–Emmett–
Teller (BET) specific surface area of ca. 100 m2 g"1. As expected,
SnO2 hollow nanospheres manifest significantly improved
cycling performance compared to SnO2 nanoparticles (Fig. 2e).
9
A high discharge capacity of 1140 mA h g"1 is obtained in the first
cycle, and the capacity gradually decreases and becomes
comparable to the theoretical value of graphite after 30 cycles.
This performance is also superior to SnO2 hollow spheres
prepared from another method,36 revealing the beneficial effects
of having both a well-defined hollow structure and a porous
shell.
More interestingly, this approach can be extended to fabricate
rattle-type hollow structures consisting of a porous SnO2 shell
and a movable hematite (a-Fe2O3) core, exemplified by
a-Fe2O3@SnO2 nanorattles (Fig. 2d).
24 The synergetic effect
between functional core and SnO2 hollow spheres is verified by
the enhanced lithium storage properties of a-Fe2O3@SnO2
nanorattles as depicted in Fig. 2f. Even though a similar initial
discharge capacity of around 1600 mA h g"1 is achieved by both
Fig. 1 Schematic illustration of three basic nanostructures to alleviate
the pulverization problem in SnO2 anode materials: (a) hollow structures,
(b) 2D nanosheets, and (c) amorphous carbon coating.
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1.6 Binder-free CNT-iron oxide films 
CNT  has  been  reported  to  form  flexible  and  conductive  thin  film  itself  via  
vacuum  filtration  method.69  CNT  is  also  studied  as  important  component  in  metal  
oxide/carbon  composite  films.  In  fields  of  energy  storage,  CNT  is  well  known  for  its  
excellent  conductivity  and  mechanical  strength.  Due  to  these  properties,  the  traditional  
current  collector  Cu  foil,  and  conductive  carbon  additives  (e.g.  carbon  black)  can  be  
removed.  Thus,  the  binder-­‐‑free  CNT-­‐‑metal  oxide  film  can  be  directly  applied  as  LIB  
anode.  For  instance,  Lu’s  group  reported  the  robust  film  composed  of  CNTs  and  iron  
oxide/carbon  particles.70  The  aerosol  spray  method  converted  the  iron  oxide/sugar  
droplet  precursor  to  Fe3O4/carbon  microspheres,  as  can  be  seen  in  Figure  30.  Then  the  
microspheres  were  mixed  with  CNT  and  formed  a  robust  film  after  vacuum  filtration.  
This  binder-­‐‑free  CNT/  Fe3O4/carbon  film  showed  excellent  stability  as  LIB  anode  even  at  
high  current  density  up  to  6250  mA/g.  However,  the  sizes  of  the  microspheres  were  not  
controllable  and  uniform  because  of  the  aerosol  spray  method.      
  
Figure  30: Scheme  illustrates  the  formation  of  the  Fe3O4/carbon  microspheres.70  
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layers may also be formed on the oxide surface, which
further deteriorates effectiveness of the ion and elec-
tron transport.
To date, various approaches have been explored to
construct more effective and durable ion and electron
transport networks. The simplest strategy is to replace
the carbon black with carbon nanotubes (CNTs)7,15,16
or graphene.17!19 CNTs often exhibit high aspect ratios
and excellent conductivity, while graphene exhibits
good conductivity and strong pi!pi interactions; their
usesmay improve the rate performance and stability to
a certain degree. Coating electrode active materials
with thin layers of structure-enforcing materials (e.g.,
SiO2 and Al2O3) was also explored.
20!22 This was often
achieved by chemical vapor deposition (CVD)20 or
atomic layer deposition (ALD)21,22 methods. Such coat-
ings may effectively stabilize the electrodes without
significantly increasing the transport resistance for
both ions and electrons. However, such deposition
processes require expensive precursors and facilities
and are difficult to implement for large-scale produc-
tion. Coating the active electrode materials with car-
bon has been another strategy, which is of particular
interest for commercial applications. This is generally
achieved by mixing oxide particles or their precursors
with carbon sources (e.g., glucose) followed by a
carbonization process,13,23 which leads to the forma-
tion of isolated oxide particles coated with carbon.
Although improved rate performance and stability
were often achieved, this process often resulted in
low tapping density, particularly for the case of nano-
size oxide particles. Overall, despite the great efforts
and the success stated above, construction of robust
electron and ion conductive networks leading to high-
performance anode remains challenging.
Herein, we report the design and fabrication of
nanocomposites of iron oxide and carbon with high
capacity, excellent rate performance, and high cycling
stability. Iron oxide was used as the model system
due to its high capacity, nontoxicity, and low cost.
As illustrated in Scheme 1, we started with precursor
solutions containing Fe3O4 nanocrystals (NCs) and
sucrose; an aerosol spraying process24,25 generates
droplets containing the precursor (Scheme 1A). Sol-
vent (water) evaporation enriches the NCs and sucrose,
enabling the NCs to be assembled into continuous
NC networks. Subsequent sintering and carboniza-
tion process at 560 !C for 2 h under nitrogen further
strengthened the NC networks and coated them with
continuous layers of carbon, leading to the formation
of robust Fe3O4/carbon composite spheres with rough
surface morphology (Scheme 1B). Mixing the rough
Scheme 1. Synthesis process of Fe3O4/carbon nanocomposite particles. (A) Scheme synthesizing Fe3O4/carbon composite
particles using an aerosol spraying process. (B) Scheme further illustrating the formation of the composite particles. Starting
from aerosol droplets containing Fe3O4 nanocrystals and sucrose, solvent evaporation followed by sucrose decomposition in
the heating zone creates iron oxide composite particles (I); subsequent carbonization process converts the particles into
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Li’s  group  reported  nanosized  Fe2O3  decorated  SWNT  membrane  for  LIB  
anode.71  SWNTs  were  assembled  into  a  film  on  the  stainless  steel  wire  mesh  before  
further  deposition  of  Fe  nanoparticles  (Figure  31).  Then  the  Fe-­‐‑SWNTs  film  was  
annealed  in  air  at  390  °C  for  10h  to  oxidize  the  Fe  nanoparticles.  Finally,  the  Fe2O3  
decorated  SWNT  membrane  was  peeled  off  from  the  stainless  steel  mesh,  and  directly  
tested  as  LIB  anode.  It  delivered  a  specific  capacity  of  801  mA  h/g  after  90  cycles  at  
current  density  500  mA/g.    
  
Figure  31:  Schematic  of  the  synthesis  procedure  and  the  structure  of  an  
Fe2O3/SWCNT  membrane.  Photograph  showing  the  flexible  membrane  obtained  after  
oxidation.71  
Dillon’s  group  reported  the  binder-­‐‑free  nanostructured  Fe3O4/SWNT  electrode  
for  LIBs  via  two-­‐‑step  hydrothermal  and  vacuum  filtration  methods.72  They  found  that  
annealing  FeOOH  nanorods  mixed  with  5  wt%  SWNTs  at  450  °C  in  an  argon  
atmosphere  led  to  the  complete  reduction  of  FeOOH  to  Fe3O4.  The  uniform  Fe3O4  
nanorods  were  uniformaly  embedded  in  the  SWNT  network  as  can  be  seen  in  Figure  
32a.  Compared  to  microsize  Fe3O4  particles  electrode  prepared  in  traditional  slurry-­‐‑cast  
method,  the  binder-­‐‑free  nanostructured  Fe3O4/SWNT  electrode  delivered  a  stable  
     33  
specific  capacity  of  more  than  1050  mAh/g  after  50  cycles  at  current  density  920  mA/g  
(1C)  (Figure  32b).  
  
Figure  32:  (a)  SEM  images  of  the  nanostructured  Fe3O4  electrode  surface.  (b)  
Comparison  of  specific  capacity  versus  cycle  number  for  various  Fe3O4  electrodes  at  C  
rate:  nano,  micro1,  and  micro2.  72  
Wang’s  group  reported  a  film  prepared  from  CNT  scaffold  with  conformal  Fe3O4  
sheath  via  magnetron  sputtering  method  (Figure  33a).73  After  being  removed  from  the  
copper  cylinder  this  CNTs  film  was  utilized  as  an  excellent  conducting  framework,  and  
served  as  current  collector  for  the  Fe3O4  (Figure  33b).  However,  the  stability  for  both  rate  
capability  and  cyclic  performance  needed  further  improvement  compared  with  other  
iron  oxide/carbon  reported  values  (Figure  33c).  
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Figure  33:  (a)  High  magnification  TEM  images  for  the  precycle  Fe3O4−CNT  
composite  anode.  (b)  A  photograph  of  the  Cu  cylinder  wrapped  with  CNTs  after  
sputtering.  (c)  Rate  capability  of  Fe3O4−CNT.  Values  based  on  the  Fe3O4  mass  and  the  
total  anode  mass  are  in  black  and  red  colors,  respectively.73  
Our  group  recently  reported  the  robust  film  supercapacitor  electrodes  based  on  
graphene/MnO2/CNTs  nanocomposites.74  The  surface  of  graphene  sheets  were  coated  
with  amorphous  MnO2  and  then  mixed  with  few-­‐‑walled  CNTs.  Due  to  the  synergistic  
effects  from  graphene,  CNTs  and  metal  oxide,  this  composite  film  was  robust,  highly  
conductive,  and  mechanically  strong.    As  can  be  seen  in  Figure  34,  the  interconnected  
CNTs  networks  provided  rapid  electron  conductance,  while  electron  had  to  pass  the  
insulating  MnO2  layers  for  the  graphene/MnO2  composite  on  the  left.  
  
Figure  34:  Schematic  illustration  of  the  fabricated  flexible  and  conductive  film  
using  graphene/  MnO2/CNTs.74    
mechanical reinforcement. Graphene has been widely consid-
ered as an ideal substrate for ultrathin coating of functional
materials due to its unique structural and electrical properties,17
while the uniformly interconnected CNTs network is highly
conductive and porous that is beneficial for electronic and ionic
transport. In early approaches, it was discovered that direct
growth of MnO2 nanoparticles on graphene or nanotubes is a
critical factor to improve its electrochemical performance of the
composite films.13,16,18,19 Physical mixing of MnO2 and carbon
materials, on the other hand, could not fully capture the
properties of the nanotubes and graphene due to aggregation,
phase separation, and poor connectivity between metal oxide
and carbon. However, composite electrodes made from MnO2
directly grown on CNTs or graphene still have limited
performance because the conductivity of the electrode is
significantly reduced due to the disruption of the carbon−
carbon conductive network (Figure 1, left) by the metal oxide
coating. As a result, electrodes based on such architecture were
still either suffering from low mass loading densities6,20 or
requiring substantial amount of conductive additives21,22 in
order to achieve the desired performance. Recently, Yu et al.
developed a surface warping technique using CNTs or
conducting polymers to improve the conductivity of their
electrodes.15 However, such technique only coats the surface of
the films; the improvement on the overall film performance still
has limitations. There are recent reviews summarizing various
effects of nanotubes and graphene on energy storage when they
are used individually with oxide materials.2,18
In our designed architecture (Figure 1), a key requirement
for the nanotubes is that they are not coated with MnO2, thus
allowing them to form a complete and highly conductive
network with the graphene/MnO2 composite. The nanotubes
that we used were functionalized few-walled carbon nanotubes
(fFWNTs) with 3−5 walls (Figure S1 in the Supporting
Information), and they have better electric conductivity and
mechanical strength compared with other types of nanotubes.23
To prepare the designed ternary composite, a binary graphene/
MnO2 composite was first synthesized using a sonication-
assisted chemical coprecipitation method (see Supporting
Information for detailed experimental procedure). The high
surface area graphene ensures ultrathin MnO2 coating with high
mass content in the composite (75 wt %, Figure S5). Afterward,
desired amounts of fFWNTs suspension and graphene/MnO2
dispersion were mixed and sonicated for 20 min to ensure good
mixing. The scanning electron microscope (Figure 2a) and
transmission electron microscope (Figure 2b) images taken
from this mixture reveal that they were well linked, with CNTs
(white arrows) distributed uniformly in the matrix of graphene/
MnO2 composite (red arrows). The mixed solution was then
vacuum-filtered, and a free-standing film would form after
vacuum drying (Figure 2c). In strong contrast, the composite of
Figure 1. Schematic illustration of the fabricated flexible and
conductive film using graphene/MnO2/CNTs. Note the difference
in the possible electron paths for the two architectures: electron has to
pass the insulating MnO2 layers for the graphene/MnO2 composite
(left) while the interconnected CNTs provide rapid electron
conductance for the flexible film shown on the right.
Figure 2. (a) SEM and (b) TEM images of the interconnected structure formed by the graphene/MnO2 composite (red arrows) and fFWNTs
(white arrows); the inserted image shown in (b) highlights their close interaction. (c) Cross-sectional SEM image and a picture of the (inserted at
the top right corner) of film showing the flexibility of these structures. (d) Typical stress−strain curve for the graphene/MnO2/CNT composite film
with 25 wt % of fFWNTs.
Nano Letters Letter
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1.7 Significance of our research 
In  the  following  chapters,  iron  oxide/graphene/CNT  film  and  titanium  
dioxide/carbon  co-­‐‑aerogel  will  be  further  introduced  and  discussed  in  details  as  lithium  
ion  battery  anodes.  
The  significance  of  the  research  in  the  second  chapter  is:  (1)  The  iron  oxide  
nanoparticles  are  well-­‐‑crystalized,  instead  of  amorphous.  This  good  crystallinity  greatly  
enhances  the  specific  capacity  of  lithium  ion  batteries.  (2)  The  annealing  treatment  plays  
an  important  role  in  excellent  LIB  performances.  (3)  Fe3O4  nanoparticles  are  in-­‐‑situ  
deposited  on  graphene  sheets  in  one  simple  step  via  hydrothermal  reaction,  and  the  
loading  densities  were  tunable.  (4)  The  idea  of  removing  current  collector  is  further  
extended  from  supercapacitor  electrodes  to  lithium  ion  battery  anodes  in  energy  storage.    
The  significance  of  the  research  in  the  third  chapter  is:  (1)  The  carbon  aerogel  
serves  as  a  interconnected  3D  conducting  network.  (2)  The  titanium  oxide  increases  the  
density  of  the  otherwise  lightweight  carbon  aerogel  and  formed  3D  structure  as  well  (3)  
This  monolith  can  be  directly  used  as  binder-­‐‑free  anode  electrode  in  the  lithium  ion  
batteries,  and  the  conducting  carbon  substitute  the  role  of  traditional  current  collector  
Cu  foil.  (4)  This  co-­‐‑aerogel  performance  is  excellent  even  at  high  current  densities  
compared  with  carbon.  
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2. Free-standing and Highly Conductive 
Fe3O4/Graphene/CNT Film as Lithium-Ion Battery 
Anodes 
2.1 Introduction 
Lithium  ion  batteries  (LIBs)  are  widely  used  in  portable  electronic  devices,  and  
are  promising  candidates  for  future  hybrid  electric  vehicles  (HEVs)  and  electric  vehicles  
(EVs).1,6  The  challenges  for  LIBs  still  remain  in  high  energy  and  power  densities,  fast  
charging  process,  stable  cyclic  stability,  long  service  time.4,75  Fe3O4  is  intensively  studied  
as  a  promising  LIBs  anode  material  because  it  has  high  theoretical  specific  capacity  (928  
mAh/g),  affordable  cost,  environmental  friendly,  abundance  in  nature.17  However,  the  
application  of  Fe3O4  as  LIB  anode  material  is  hindered  by  poor  cyclic  stability  and  low  
electrical  conductivity.    
To  address  these  problems,  it  is  important  to  design  novel  carbon-­‐‑Fe3O4  
composite  material,  as  an  alternative  to  current  commercial  graphite  anode  materials  
(372  mAh/g).  The  major  benefits  of  nanostructures  include  shortened  lithium  ion  
diffusion  length,  increased  lithium  ion  transport  rate  in  the  solid  phase,  and  abundant  
active  sites  for  reaction.9,76,77  Nowadays,  nanostructured  carbon-­‐‑Fe3O4  materials  are  
extensively  studied  as  LIBs  electrodes  material,  such  as  yolk-­‐‑shell  Fe3O4@carbon,64,78  
Fe3O4  nanoparticles  confined  in  mesocellular  carbon,79  and  carbon  coated  Fe3O4  
nanocomposites.63,80  Carbon  nanomaterials,  especially  graphene  and  carbon  nanotubes  
(CNTs),  are  outstanding  materials  for  energy  storage  and  conversion  systems.56,81-­‐‑84  
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Graphene  sheets  have  the  advantages  of  restricting  metal  oxide  volume  change,  
avoiding  agglomeration  of  Fe3O4  during  lithium  alloying  process.85  Moreover,  the  large  
surface  area  of  graphene  sheets  serves  as  an  excellent  platform  to  accommodate  metal  
oxides.34  Zhou  et  al.  reported  graphene  nanosheets  as  flexible  platform  to  relieve  
pulverized  iron  oxides,36  and  Su  et  al.  have  synthesized  2D  carbon  coated  
graphene/Fe3O4  hybrids  in  which  graphene  and  carbon  coating  buffer  the  deformation  of  
Fe3O4  and  provide  high  conductivity.65  These  Fe3O4-­‐‑carbon  composites  are  made  into  
electrode  by  slurry  casting  method,  in  which  conducting  carbon  additives  (e.g.  carbon  
black),  polymeric  binder,  and  current  collector  (e.g.  Cu  foil)  are  necessary.  However,  
these  components  add  to  extra  weight  in  the  electrode  and  their  contributions  to  high  
specific  capacity  is  small.    
Recently,  CNTs  are  exploited  as  both  conducting  additives  and  current  collectors  
in  place  of  traditional  carbon  black  or  metal  foil  for  next-­‐‑generation  flexible  devices  in  
energy  storage.45,71  The  incorporation  of  CNTs  into  flexible  film  improves  the  film’s  
overall  electrical  conductivity,  mechanical  stability  and  cyclic  performances.  Currently,  
several  synthetic  methodologies  have  been  reported  for  such  CNTs  based  flexible  films.  
For  example,  magnetron  sputtering  synthesis  of  Fe3O4  sheath  on  aligned  CNTs  film  for  
LIBs,86  aerosol-­‐‑sprayed  Fe3O4-­‐‑carbon  particles  mixed  with  CNT    to  form  a  robust  film  
with  excellent  lithium  storage  performances,70  annealing  FeOOH  and  SWNT  to  form  
Fe3O4  embedded  SWNT  nets  with  stable  LIB  performances  even  at  high  current  
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density.72  Overall,  in  spite  of  above  great  improvements,  it  is  highly  desirable  to  achieve  
flexible  binder-­‐‑free  nanostructured  Fe3O4/graphene/CNT  film  with  excellent  
conductivity  to  deliver  high  specific  capacity  LIB  anodes.  Here,  Fe3O4  instead  of  Fe2O3  is  
studied  because  crystalized  Fe2O3  required  annealing  in  air  around  550  °C.  Graphene,  
however,  cannot  survive  such  a  high  temperature  when  exposed  to  air.  For  crystalized  
Fe3O4,  the  annealing  condition  is  around  500-­‐‑600  °C  in  inert  atmosphere  such  as  Ar.    
Previously  our  group  reported  the  synergistic  effect  of  MnO2/graphene/CNT  
films  as  flexible  supercapacitor  electrodes.74  The  MnO2  is  amorphous  without  annealing  
process.  Here,  we  presented  a  facile  method  to  fabricate  freestanding,  highly  conductive  
Fe3O4/graphene/CNT  film  as  LIB  electrodes  via  solvothermal  reaction  and  vacuum  
filtration.  The  graphene-­‐‑CNT  networks  buffer  the  strain  from  deformation  of  well-­‐‑
crystalized  Fe3O4,  keep  the  whole  electrode  material  highly  conductive  and  active,  
provide  fast  ionic  and  electronic  pathways  during  alloying  reaction  with  lithium.  This  
binder-­‐‑free  film  is  studied  as  outstanding  LIB  anodes  without  metal  current  collector.    
2.2 Experimental section 
2.2.1 Preparation of graphene oxide 
The  Hummer’s  method  has  been  reported  before.  Basically,  3.0  g  graphite  flakes  
(1.5  wt.%)  and  1.5  g  NaNO3  (1.0  wt.%)  were  added  into  75  ml  H2SO4  with  ice  bath.  Then  
9.0  g  KMnO4  (3.0  wt.%)  were  slowly  added.  The  mixtures  were  stirred  at  35  °C  for  1.5h.  
Next,  140  ml  H2O  was  carefully  added  drop  wise,  followed  by  adding  another  420  ml  
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H2O  and  3  ml  H2O2.  Finally  the  graphene  oxide  were  repeatedly  washed  and  collected  
via  centrifugation.  The  concentration  of  graphene  oxide  solution  was  determined  to  be  
4.8  mg/ml.  
2.2.2 Preparation of Fe3O4/graphene  
The  in-­‐‑situ  grown  Fe3O4  on  the  graphene  sheets  were  prepared  according  to  
previous  method.87  Briefly,  2.91  ml  GO  solution  was  centrifuged  to  remove  the  water.  
The  rest  GO  was  re-­‐‑dispersed  in  10  ml  ethylene  glycol  and  sonificated  for  1h,  forming  a  
light  black  homogeneous  solution.  Next,  0.1  g  FeCl3.6H2O  was  added.  This  solution  was  
stirred  for  2h  with  a  magnetic  bar.  Then  0.72  g  sodium  acetate  and  0.2  g  polyethylene  
glycol  were  added  followed  by  another  30  min  stirring.  Finally,  the  brownish  black  
solution  was  transferred  to  an  autoclave  (20  ml  in  volume).  The  reactants  were  heated  to  
200  °C  for  16h.  When  the  autoclave  was  cooled  down  to  room  temperature,  the  black  
products  were  repeatedly  washed  with  ethanol  for  at  least  3  times  and  collected  with  a  
magnet.  Then  the  Fe3O4/graphene  fluids  were  dispersed  in  25  ml  ethanol.  
2.2.3 Preparation of CNTs  
Few-­‐‑walled  carbon  nanotubes  were  prepared  by  a  bimetallic  catalysts  Co/Mo  
supported  on  MgO  using  the  chemical  vapor  deposition  (CVD)  method.88  The  details  
has  been  reported  in  our  group’s  previous  paper.74  Our  group  member  Hongbo  Zhang  
provided  the  CNTs  used  here.  The  CNTs  were  dispersed  in  ethanol  via  tip  sonification.  
The  concentration  of  CNTs  in  ethanol  was  0.13  mg/ml.  
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2.2.4 Preparation of Fe3O4/ graphene/ CNTs film 
2.5  ml  graphene/Fe3O4  solution  was  added  to  3.0  ml  CNTs  solution.  The  mixture  
was  sonificated  30  min  before  vacuum  filtration.  Afterward  the  film  was  carefully  
peeled  off  from  the  filtration  membrane  when  completely  dried.  Finally  the  film  was  
annealed  in  Ar  atmosphere  for  4h  at  500  °C  before  cooling  down  to  room  temperature.  
2.2.5 Preparation of commercial Fe3O4 electrode 
The  commercial  Fe3O4  were  made  with  a  traditional  slurry  cast  method.  Fe3O4  
purchased  from  Alfa  Aesar  were  mixed  with  carbon  black  in  a  mortar.    The  
polyvinylidiene  fluoride  (PVDF)  was  dissolved  in  the  solvent  N-­‐‑methyl-­‐‑2-­‐‑pyrrolidone  
(NMP)  as  a  binder.  Then  the  paste  is  further  mixed  according  to  Fe3O4:  carbon  black:  
PVDF=  8:1:1  wt.  Then  mixing  the  slurry  by  repeatedly  stirring  the  pestle.  Solvent  is  
added  drop  by  drop  during  this  process  to  avoid  the  evaporation  of  solvent.  Finally,  a  
glue-­‐‑like  paste  is  ready  to  be  casted  on  Cu  foil  as  current  collector.  The  paste  is  casted  
onto  Cu  foil,  dried  in  an  oven  at  73°C  for  3  hours,  and  vacuum  dried  at  150  °C  for  1  day.  
2.2.6 Characterization 
SEM  and  TEM  images  were  obtained  on  a  FEI/Phillps  XL30  ESEM-­‐‑FEG  and  
TecnaiTM  G2.  X-­‐‑ray  diffraction  (XRD)  patterns  were  acquired  on  PANalytical  X'ʹPert  
PRO  MRD  high-­‐‑  resolution  diffractometer  with  Cu  Kα  radiation.  BET  surface  area  was  
calculated  from  nitrogen  adsorption-­‐‑desorption  isotherm  measurements  were  
conducted  at  77K  with  Micromeritics  TriStar  3000.  TGA  spectra  (TA  Instruments  SDT  
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2960)  were  used  at  a  heating  rate  of  10.0  °C  /min  in  air.  For  electrochemical  
measurement,  the  annealed  Fe3O4/  graphene/  CNTs  film  was  directly  tested  as  working  
electrode  without  any  carbon  additives,  binders,  or  current  collector.  Lithium  foils  
served  as  the  counter  electrode  and  reference  electrode.  The  electrolyte  contained  1  M  of  
LiPF6  in  the  mixture  of  ethylene  carbonate  (EC),  dimethyl  carbonate  (DMC)  and  diethyl  
carbonate  (DEC)  in  1:1:1  w/w  ratio.  Commercialized  Celgard  2400  is  used  as  separator.  
The  2032  coin  cells  were  assembled  in  an  Ar-­‐‑filled  glove  box.  The  working  electrode  is  
usually  put  onto  the  cathode  metal,  followed  by  adding  100  µμl  electrolyte  onto  the  
working  material.  Next,  carefully  put  the  separator  above  the  working  electrode  and  
add  another  100  µμl  electrolytes.  Then  lithium  metal  foil  is  added  to  cover  the  working  
electrode  area.  Then  the  stainless  steel  disk  and  ring  were  added.  Finally  cover  the  cell  
with  anode  metal  cap.  Put  the  cell  into  a  small  plastic  bag,  sealed  it  in  glove  box  before  
transferring  outside.  With  the  pressing  machine,  put  the  plastic  bag  together  with  coin  
cell  into  a  mold.  Use  the  pressure  ~  1/5  ton  and  hold  it  for  5  seconds.  Thus,  the  coin-­‐‑cell  
battery  is  ready  for  testing.  The  coin  cells  were  cycled  by  a  galvanostatic  technique.  
2.3 Results and discussion 
  
Figure  35:  Structure  of  the  Fe3O4/graphene/CNT  film.  
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In  spite  of  current  progress  made  in  Fe3O4-­‐‑graphene  and  Fe3O4-­‐‑CNT  composite  
materials,  our  research  focuses  on  conductive  Fe3O4-­‐‑graphene-­‐‑CNT  film  in  lithium  ion  
batteries.  Figure  35  illustrates  the  structure  of  Fe3O4/graphene/CNT  film  we  proposed.  
We  believe  that  the  synergistic  effects  of  Fe3O4,  graphene,  and  CNT  should  help  to  
improve  the  mechanical  strength  of  the  film,  provide  excellent  electronic  conductivity,  
and  maintain  high  specific  capacity  as  lithium  ion  battery  electrodes.  Last  but  not  least,  a  
conductive  and  flexible  film  can  be  used  as  lithium  ion  battery  electrodes  without  using  
the  conventional  slurry-­‐‑cast  method.  Instead,  the  film  can  be  utilized  as  binder-­‐‑free  
electrode  directly,  thus  significantly  reducing  the  total  weight  of  the  devices.  
The  major  breakthroughs  and  differences  from  the  previous  paper  published  
MnO2/graphene/CNT  in  our  group  are:  (1)  The  Fe3O4  nanoparticles  are  well  crystalized,  
instead  of  amorphous  MnO2.  This  good  crystallinity  greatly  enhanced  the  specific  
capacity  of  lithium  ion  batteries.  (2)  The  annealing  treatment  plays  an  important  role  in  
the  excellent  LIB  performances.  (3)  Fe3O4  nanoparticles  are  in-­‐‑situ  grown  on  graphene  in  
one  simple  step  via  solvothermal  reaction,  and  the  loading  densities  are  tunable.  (4)  The  
idea  of  binder-­‐‑free  electrode  is  further  extended  from  MnO2/graphene/CNT  film  as  
supercapacitor  electrodes  to  Fe3O4/graphene/CNT  film  as  lithium  ion  battery  anodes  in  
energy  storage.    
The  homogeneous  dispersion  of  Fe3O4-­‐‑graphene  composites  is  important  for  the  
preparation  of  Fe3O4/graphene/CNT  film.  In  addition,  the  Fe3O4  nanoparticles  need  to  be  
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closely  attached  to  the  graphene  sheets  so  that  upon  cycling  the  performance  is  stable.  
Fe3O4  nanoparticles  were  grown  on  graphene  sheets  via  a  one-­‐‑pot  solvothermal  reaction.  
This  facile  fabrication  method  allows  in-­‐‑situ  growth  of  Fe3O4  on  the  graphene  sheets.  It  
has  been  introduced  in  the  previous  chapter  that  graphene  oxide  is  negatively  charged  
in  the  solution  because  there  are  oxygen  functional  groups  on  the  surface  (such  as  
epoxyl,  carbonxyl  and  hydroxyl  groups).  The  positively  charged  Fe3+  ions  from  
FeCl36H2O  were  attach  to  the  graphene  oxide  sheet  surface  due  to  electro-­‐‑static  
attraction.  Upon  the  solvothermal  reaction,  these  Fe3+  ions  were  reduced  to  Fe3O4  
particles  in-­‐‑situ  grown  on  the  graphene  sheets.  The  ratio  of  FeCl36H2O  to  graphene  
oxide  precursor  solution  can  be  varied  to  prepare  Fe3O4–graphene  with  different  carbon  
content.  The  detailed  study  of  different  carbon  percentage  on  the  effect  of  LIB  
performances  will  be  further  discussed  later.  
Table  2:  Film  with  different  CNT  content,  and  their  specific  capacities  at  
current  density  of  200  mA/g.  
  
 
The  weight  percentage  of  CNT  in  the  film  is  a  key  factor  in  determining  the  
properties  of  the  film.  Too  little  CNT  will  not  produce  a  continuous  film  and  too  much  
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will  affect  the  high  specific  capacity  in  LIB  performances.  Briefly,  the  Fe3O4/graphene  
composites  were  then  mixed  with  CNT  solution  by  sonification.  Finally,  vacuum  
filtration  method  was  used  to  obtain  a  flexible  Fe3O4/graphene/CNT  film.  Without  
adding  any  CNT,  the  Fe3O4/graphene  composites  cracked  to  pieces  and  the  volume  
shrank  to  less  than  50  %  after  vacuum  filtration  (Figure  36a).  This  problem  was  
gradually  improved  by  increasing  CNT  weight  percentage.  With  7%  wt.  CNT,  the  dried  
Fe3O4/graphene/CNT  film  1  did  not  show  any  shrinkage.  However,  in  the  LIB  study,  the  
performance  of  film  1  was  ordinary.  For  Fe3O4  /graphene/CNT  film  with  7%  wt.  CNT,  
the  discharge  specific  capacity  for  1st,  2nd,  and  5th  cycle  is  1320,  885,  795  mAh/g  
respectively  (Table  2).  The  reason  for  fast-­‐‑fading  45%  capacity  loss  in  the  first  3  cycles  
could  be  a  lack  of  conductive  electronic  pathway  provided  by  CNTs.  The  Fe3O4  is  
therefore  not  fully  accessible  for  electrochemical  reactions.  Then  the  CNT  percentage  
was  further  increased  to  10%  wt.  The  discharge  specific  capacity  for  1st,  2nd,  and  5th  cycle  
is  1243,  868,  841  mAh/g  respectively  for  film  2.  This  performance  with  10%  wt.  CNT  was  
more  stable  compared  with  the  previous  7%  wt.  CNT.  Finally,  the  CNT  weight  
percentage  was  increased  to  18%  wt.  For  Fe3O4  /graphene/CNT  film  3  with  18%  wt.  CNT,  
the  discharge  specific  capacity  for  1st,  2nd,  and  5th  cycle  is  1170,  720,  473  mAh/g  
respectively.  The  decreasing  specific  capacity  can  be  attributed  to  the  large  amount  of  
carbon,  which  has  much  lower  specific  capacity  than  that  of  Fe3O4.  Here,  the  optimized  
CNT  weight  percentage  is  around  10%  wt.  With  10%  wt.  CNT,  the  specific  capacity  was  
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most  stable  compared  to  that  of  7%  wt.  and  18%  wt.  CNT.  The  cyclic  and  rate  
performance  of  10%  wt.  CNT  based  film  will  be  further  studied  in  the  following  
paragraphs.    
  
Figure  36: (a)  The  Fe3O4/graphene  film  cracks  without  CNT  after  filtration.  (b  
and  c)  The  flexible  Fe3O4/graphene/CNT  film  peeled  off  from  filtration  membrane.  
The  total  carbon  amount  is  also  important  for  LIB  performances.  Too  little  
carbon,  the  electronic  conductivity  is  not  enough  for  the  film  as  binder-­‐‑free  electrode.  
Too  much  carbon,  the  specific  capacities  of  LIB  fade  fast  because  the  active  material  iron  
oxide  amount  is  not  enough.  To  further  understand  the  role  of  total  carbon  amount,  
films  with  different  carbon  weight  percentage  from  different  Fe3O4-­‐‑graphene  precursor  
were  investigated  (Table  3).  Since  the  optimized  CNT  weight  percentage  was  studied  
and  summarized  as  10%  wt.,  the  Fe3O4–graphene  materials  with  different  carbon  weight  
percentage  were  also  studied.  Here  we’d  like  to  point  out  that  the  optimized  CNT  
weight  percentage  was  calculated  to  be  around  10  %  wt.  without  annealing.  After  the  
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annealing  process  at  600  °C  in  Ar  atmosphere  for  4  hours,  there  was  weight  loss  for  the  
film.  Such  weight  may  come  from  the  decomposition  of  small  functional  groups  from  
carbonaceous  materials.  This  explains  the  reason  for  total  carbon  weight  percentage  
around  10  %  wt.  for  annealed  film  A.  The  cyclic  performance  of  film  A  is  plotted  in  
Figure  37  as  black  square.  The  specific  capacity  continuously  decreases  during  the  first  
10  cycles.  For  the  annealed  film  A  with  10%  wt.  total  carbon,  the  1st  and  2nd  discharge  
specific  capacity  was  high  (1239  and  843  mAh/g),  but  the  capacity  retention  was  poor.  
The  10th  specific  capacity  suddenly  dropped  to  481  mAh/g.  The  limited  amount  of  
conductive  carbon  matrices  cannot  afford  the  huge  volume  change  of  iron  oxides  
occurred  during  the  cycling.  Thus,  the  exposed  iron  oxides  nanocrystals  pulverized  and  
capacity  dropped.  For  the  annealed  film  B  with  total  carbon  weight  percentage  of  30%  
wt.,  the  1st,  2nd,  5th  and  10th  specific  capacity  was  1243,  868,  841,  and  823  mAh/g  
respectively.  The  capacity  retention  was  much  better  compared  with  film  A,  as  
illustrated  in  Figure  37  with  red  circle.  We  think  the  30%  wt.  carbon  amount  is  
appropriate  to  provide  enough  electronic  conductivity,  while  assisting  Fe3O4  to  deliver  a  
reversible  high  specific  capacity.  The  detailed  study  of  film  B  will  be  further  discussed  in  
the  following  paragraph.  For  the  annealed  film  C  with  57%  wt.  carbon,  the  specific  
capacity  declined  from  1100  mAh/g  in  the  1st  cycle  to  only  342  mAh/g  in  the  10th  cycle.  
This  decreasing  trend  is  due  to  increased  graphene  ratio.  When  carbon  weight  
percentage  is  dominant  (57%  wt.),  the  iron  oxides  probably  are  fully  trapped  by  carbon  
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material  and  become  inaccessible  for  electrochemical  reaction  with  lithium  ions.  That  
also  explains  the  reason  that  film  C  specific  capacity  fades  fast  (Figure  37,  green  
triangle).  The  trend  is  similar  to  that  of  graphite  electrode  performances,  which  
generally  gives  lower  specific  capacity  than  iron  oxide.  So  far,  film  B  has  the  best  carbon  
weight  percentage  around  30%  wt.  and  a  10%  wt.  CNT.  It  shows  excellent  cyclic  
performance  as  LIB  anode,  which  is  similar  with  other  reported  optimized  carbon  
weight  percentage  values.70,80  Therefore,  the  composition  of  film  B  was  chosen  as  the  
optimized  formula  for  further  study  in  my  research.  
Table  3:  Film  with  different  carbon  weight  percentage,  and  their  specific  
capacities  at  current  density  of  200  mA/g.  
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Figure  37:  Cyclic  performance  of  Fe3O4  /graphene/CNT  film  with  different  
carbon  weight  percentage  at  current  density  of  200  mA/g.  Film  A,  B  and  C  has  total  
carbon  content  of  10,  30,  and  57  %  wt.  respectively.  
  
The  annealing  effect  on  the  crystallinity  is  also  found  to  be  a  critical  factor  in  the  
LIB  study.  Without  annealing,  the  conductivity  of  the  film  is  too  low  as  binder-­‐‑free  
anode  material.  With  high  temperature  annealing,  the  electronic  conductivity  improves.  
The  annealing  temperature  also  affects  the  LIB  performances.  Poor  iron  oxide  crystal  
structure  leads  to  poor  LIB  performance,  and  excellent  crystal  structure  gives  improved  
and  reversible  capacity.  The  as-­‐‑made  Fe3O4/graphene/CNT  film  without  heat  treatment  
showed  a  high  sheet  resistance  (800  Ω/☐)  and  poor  crystallinity.  With  such  a  high  sheet  
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resistance,  it  was  very  difficult  to  apply  the  film  as  binder-­‐‑free  electrode  because  the  
electronic  conductivity  was  poor.  Since  the  annealing  temperature  range  for  crystalized  
Fe3O4  is  from  500-­‐‑600  °C  in  inert  atmosphere  depending  on  different  Fe3O4-­‐‑carbon  
materials.  The  film  was  annealed  in  tube  furnace  in  Ar  atmosphere  at  500  °C  for  4  hours.  
The  corresponding  XRD  pattern  of  the  Fe3O4/graphene/CNT  film  can  be  seen  in  Figure  
38a.  The  peaks  matches  well  with  that  of  standard  magnetite  phase  Fe3O4.  But  the  peaks  
are  not  intensive,  which  means  the  crystallinity  of  Fe3O4  is  weak.  Actually,  weak  
crystallinity  is  not  good  for  LIB  electrode.  The  reason  is  that  lithium  ions  first  insert  into  
the  crystal  structure  of  iron  oxides,  and  then  the  electrochemical  reactions  can  prodeed.  
That’s  to  say,  if  the  crystallinity  is  poor,  the  lithium  ions  inserted  into  the  iron  oxide  
structure  are  limited,  and  the  LIB  performance  will  be  affected  as  well.  Finally,  the  
annealing  temperature  is  further  raised  to  600  °C  to  improve  the  crystallinity.  Figure  38b  
shows  the  XRD  pattern  of  the  Fe3O4/graphene/CNT  film.  All  the  peaks  are  in  good  
agreement  with  standard  magnetite  phase  of  Fe3O4.  These  sharp  peaks  confirm  good  
crystallinity  similar  to  commercialized  Fe3O4.  A  sheet  resistance  of  23  Ω/☐  was  measured  
for  Fe3O4/graphene/CNT  film  with  a  four-­‐‑point  probe.  The  graphene-­‐‑CNT  carbon  matrix  
forms  an  efficient  electron  pathway  to  provide  excellent  electrical  contacts  for  the  Fe3O4  
crystals.  We  believe  the  high-­‐‑temperature  heating  process  enhanced  the  connectivity  
between  conductive  carbon  matrix  and  electrochemically  active  Fe3O4.  Therefore,  Fe3O4  
crystalinity,  good  contact  between  Fe3O4  and  conductive  CNTs  facilitate  the  excellent  
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performances  as  LIB  electrodes.  This  annealed  film  thickness  was  measured  to  be  21  µμm,  
which  is  a  little  bit  thinner  compared  to  reported  values  of  35  µμm  for  CNT/iron  oxide  
composite  film.70  The  annealing  process  and  good  crystallinity  are  important  for  the  film  
as  LIB  electrodes.  The  mechanical  strength  data  can  be  seen  in  Figure  39.  From  the  
stress-­‐‑strain  curve,  the  stress  is  520  kPa,  the  strain  is  0.42%  and  the  Young’s  modulus  is  
calculated  to  be  124  MPa,  which  is  similar  to  the  rubber  material  (10-­‐‑100  MPa).  
  
Figure  38:  XRD  patterns  of  Fe3O4  /graphene/CNTs  film  annealed  at  (a)  500  °C  
and  (b)  600  °C  in  Ar  atmosphere  for  4  hours.  
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Figure  39:  Stress-­‐‑strain  curve  of  the  flexible  Fe3O4  /graphene/CNTs  film  after  
annealing  treatment  at  600  °C.  
Each  component  in  the  film  was  characterized  with  microscopy  techniques  to  
provide  a  deeper  understanding  of  the  film  structure.  Figure  40a  shows  the  transmission  
electron  microscopy  (TEM)  image  of  functionalized  few-­‐‑walled  carbon  nanotubes  with  
3−5  walls  prepared  in  our  lab.  These  CNTs  have  better  electric  conductivity  and  
mechanical  strength  compared  with  other  types  of  nanotubes.89  These  CNTs  have  been  
purified  to  remove  catalyst,  and  functionalized  to  improve  dispensability  in  the  ethanol  
solution.  The  CNTs  are  very  clean  without  any  catalyst  residues  as  can  be  seen  from  
TEM.  In  addition,  the  tubes  are  smooth  and  without  obvious  defects  or  damages.  This  
can  be  attributed  the  advantages  that  few-­‐‑walled  carbon  nanotubes  that  they  keep  
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structural  integrity  of  inner  tubes  after  functionalization.  Therefore,  the  excellent  
electronic  conductivity  and  mechanical  strength  can  be  preserved  and  utilized.  Figure  
40b  demonstrates  the  Fe3O4  nanocrystals  homogeneously  grown  on  graphene  sheets  via  
in-­‐‑situ  growth.  The  graphene  sheet  is  a  good  platform  to  accommodate  Fe3O4  
nanocrystals  without  aggregation,  forming  a  nice  Fe3O4-­‐‑graphene  dispersion.  The  one-­‐‑
pot  solvothermal  fabrication  method  is  facile  and  also  allows  controlled  density  of  both  
graphene  and  iron  oxides.  The  annealed  Fe3O4/graphene/CNT  film  is  re-­‐‑dispersed  via  
sonification,  as  can  be  seen  in  Figure  40c.  The  CNTs  entangled  with  Fe3O4/graphene  
sheets.  The  iron  oxides  were  still  homogeneously  dispersed  on  the  graphene  sheets  even  
after  sonification  and  re-­‐‑dispersion.  The  reason  is  that  the  iron  oxides  closely  anchored  
on  the  graphene  sheets  during  the  solvothermal  reaction.  In  addition,  the  CNTs  also  
connected  and  entangled  well  with  iron  oxide  and  graphene,  to  provide  electronic  
conductivity  and  mechanical  strength  as  a  composite  film.  Figure  40d  is  SEM  image  of  
Fe3O4/graphene/CNT  film.  From  the  fractured  gap  in  the  film,  interconnected  CNTs  can  
be  clearly  observed.  This  picture  reflects  that  CNTs  form  a  strong  and  robust  network  to  
well  connect  the  Fe3O4-­‐‑graphene  material.  The  film  surface  is  smooth  and  full  of  Fe3O4  
crystals.  The  sizes  of  Fe3O4  crystals  are  homogeneous  and  without  obvious  micro-­‐‑scale  
aggregation.  The  SEM  image  also  matches  well  with  the  TEM  images  that  the  film  has  
interconnected  graphene-­‐‑CNT  network  with  homogeneously  dispersed  Fe3O4  
nanoparticles.  In  addition,  thermal  gravimetric  analysis  (TGA)  shows  that  the  annealed  
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Fe3O4/graphene/CNT  film  contains  about  30  wt.%  carbons.  Brunauer-­‐‑Emmett-­‐‑Teller  
(BET)  specific  surface  area  of  the  film  is  130  m2/g  by  nitrogen  isothermal  adsorption,  
which  is  much  higher  than  commercial  Fe3O4  (17  m2/g).      
  
  
Figure  40:  TEM  images  of  (a)  carbon  nanotubes,  (b)  Fe3O4  nanoparticles  grown  
on  graphene  sheets,  (c)  annealed  Fe3O4  /graphene/CNTs  film  re-­‐‑dispersed  via  
sonification,  (d)  SEM  image  of  a  fractured  annealed  Fe3O4  /graphene/CNTs  film  
highlighting  the  interconnected  CNTs  network.  
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The  electrochemical  performance  study  of  Fe3O4/graphene/CNT  film  is  carried  
out  to  further  understand  the  advantages  of  binder-­‐‑free  film  as  LIB  anode. Figure  41 
shows  the  assembling  of  binder-­‐‑free  coin  cell  for  lithium-­‐‑ion  battery  study. Basically, the 
Fe3O4/graphene/CNT  film  is  directly  used  as  working  electrode  without  conventional  
slurry-­‐‑cast  method  for  electrode  preparation.  The  extra  weight  is  eliminated  including  
Cu  foil  as  current  collector,  polymeric  binder  and  carbon  black  as  conductive  additives.  
In  between  the  Li  foil  and  film,  there  is  an  electrolyte-­‐‑soaked  separator.  It’s  intended  to  
avoid  direct  contact  between  working  electrode  and  counter/reference  electrode.  The  
electrolyte  is  1  M  of  LiPF6  in  EC/DMC/DEC  (1:1:1  w/w  ratio).  The  coin  cell  battery  is  
assembled  in  Ar-­‐‑filled  glove  box. 
  
Figure  41:  Illustration  for  binder-­‐‑free  coin  cell  structure.   
The  electrochemical  properties  were  studied  by  galvanostatic  charge-­‐‑discharge  
cycling  in  a  coin  cell  with  Li  foil  as  counter  electrode  between  0.01  and  3.00  V  vs  Li+/Li.  
The  specific  capacity  calculation  is  based  on  the  weight  of  the  total  weight  of  the  film.  
This  film  has  contains  about  30  wt.%  total  carbon  after  annealing  treatment.      
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Figure  42:  The  charge  and  discharge  curves  of  the  Fe3O4  /graphene/CNT  film  
annealed  at  500  °C  for  1st,  2nd,  and  3rd  cycle  at  200  mA/g.  
Figure  42  shows  the  charge-­‐‑discharge  curve  of  Fe3O4  /graphene/CNTs  film  
annealed  at  500  °C  film.  There’s  no  obvious  plateau  at  0.8  V  vs  Li+/Li,  which  belongs  to  
the  electrochemical  reaction  between  lithium  ion  and  Fe3O4.  As  a  result,  the  discharge  
specific  capacity  for  the  first  cycle  is  less  than  500  mAh/g,  which  is  much  less  than  the  
theoretical  specific  capacity  of  Fe3O4  (928  mAh/g).  In  the  potential  window  of  1.5  –  1.0  V  
vs  Li+/Li,  the  lithium  ions  inserted  into  the  crystalized  structure  first,  according  to  xLi+  +  
Fe3O4àLixFe3O4.  For  the  film  annealed  at  500  °C,  the  crystallinity  is  poor.  So  there  is  
limited  lithium  ions  inserted  into  the  Fe3O4  crystals  for  further  electrochemical  reactions.  
Considering  the  weak  crystallinity  in  the  XRD  pattern,  the  major  reason  for  this  low  
specific  capacity  is  the  lack  of  crystallinity.  
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Figure  43:  The  charge  and  discharge  curves  of  the  Fe3O4  /graphene/CNT  film  
annealed  at  600  °C  for  1st,  2nd,  5th  and  10th  cycle  at  200  mA/g.  
In  comparison,  Figure  43  shows  the  charge  and  discharge  curves  of  Fe3O4  
/graphene/CNT  film  annealed  at  600  °C  with  excellent  crystallinity.  The  plateau  at  0.8  V  
vs  Li+  /Li  is  much  longer  and  smoother  than  that  of  film  annealed  at  500  °C.  At  a  current  
density  of  200  mA/g  between  0.01  and  3.00  V  vs  Li+  /Li,  the  first  charge  and  discharge  
specific  capacity  were  1243,  and  868  mAh/g.  The  irreversible  capacity  loss  is  30%,  as  
generally  observed  for  iron  oxides.90  Fe3O4  can  uptake  8  Li+  to  deliver  a  theoretical  
specific  capacity  of  928  mAh/g,  and  the  film’s  first  charge  value  corresponds  to  10.8  Li+.  
The  first  specific  capacity  value  is  higher  than  theoretical  because  of  the  electrolyte  
decomposition  and  irreversible  Li+  loss  during  the  surface  electrolyte  interface  (SEI)  
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formation.72  The  redox  chemical  reaction  is:  Fe3O4  +  8e－  +  8Li  ßà  3Fe  +  4Li2O.  The  long  
plateau  at  0.8  V  in  the  first  discharge  curve  can  be  attributed  the  reduction  of  Fe3+  and  
Fe2+  to  Fe0.64  Then  the  specific  capacity  stabilized  around  823  mAh/g  for  the  10th  cycle.  In  
the  window  of  1.2-­‐‑2.2  V  vs  Li+  /Li,  the  reverse  charge  process  proceeded  according  to  
reversed  electrochemical  reaction.  
  
Figure  44:  The  charge  and  discharge  curves  of  commercial  Fe3O4  for  1st,  2nd,  5th  
and  10th  cycle  at  200  mA/g.  
In  addition,  the  commercial  Fe3O4  was  prepared  in  a  slurry  cast  method  to  
compare  with  the  binder-­‐‑free  method.  The  Fe3O4  was  mixed  with  carbon  black  and  
binder  according  to  8:1:1  wt.  ratio  and  casted  onto  a  Cu  foil  as  current  collector.  The  
specific  capacities  for  commercial  Fe3O4  at  2nd,  5th,  and  10th  cycles  fade  faster  than  film  
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(Figure  44).  This  volume  change  (~  50  %)  occurred  from  Fe3O4  to  Fe  leads  to  fading  
specific  capacity  during  charge/discharge  process.  In  addition,  Fe3O4  /Fe/LiO2  has  low  
electrical  conductivity.  The  interconnected  conductive  carbon  black  network  easily  
breaks  when  volume  changes  of  Fe3O4  nanocrystals  occur.  The  Fe3O4  was  left  alone  in  
the  electrode  when  disconnected  to  conductive  carbon  black.  The  efficient  lithium  ion  
shuttling  process  between  working  and  counter/reference  electrode  is  hindered.  As  a  
result,  the  cyclic  performance  of  commercial  Fe3O4  fades  quickly.  
  
Figure  45:  (a)  Cyclic  performance  of  Fe3O4  /graphene/CNT  film  (red  square)  
and  commercial  Fe3O4  (blue  triangle)  at  200  mA/g.  (b)  Rate  capability  of  
Fe3O4/graphene/CNTs  film  (red  square)  in  comparison  to  commercial  Fe3O4  (blue  
triangle).  
The  cyclic  performance  of  Fe3O4/graphene/CNT  film  has  much  higher  specific  
capacities  than  commercial  Fe3O4.  The  reason  is  binder-­‐‑free  film  provide  interconnected  
electronic  network,  thus,  the  electrochemical  reactions  smoothly  proceed  in  both  
directions.  However,  the  commercial  Fe3O4  prepared  in  slurry-­‐‑cast  method  has  limited  
electronic  pathway  because  the  carbon  black  particles  cannot  wrap  and  cover  the  Fe3O4  
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entirely.  Upon  cycling,  the  volume  change  of  iron  oxides  also  lead  to  failure  of  
continuous  electronic  contact.  Therefore  the  amount  of  available  of  iron  oxides  is  
limited.  Figure  45a  compares  the  cyclic  performance  of  Fe3O4/graphene/CNT  film  with  
commercial  Fe3O4.  The  film’s  10th,  20th,  and  30th  specific  capacities  are  823,  810,  and  805  
respectively.  The  specific  capacity  of  film  stabilized  at  803  mAh/g  in  comparison  to  90  
mAh/g  for  commercial  Fe3O4  at  the  end  of  50  cycles.  Moreover,  rate  capability  was  
studied  to  compare  the  performances  under  different  current  density.  The  higher  
current  density  means  the  faster  electrochemical  reaction  rate.  Figure  45b  compares  the  
rate  capability  of  Fe3O4/graphene/CNT  film  with  commercial  Fe3O4.  The  film  delivered  
specific  capacities  of  787,  601,400,  225  and  783  mAh/g  at  200,  400,  800,  1600,  and  200  
mA/g.  The  specific  capacity  of  film  at  higher  current  density  is  more  than  5  folds  higher  
than  that  of  commercial  Fe3O4.  For  Fe3O4/graphene/CNT  film,  graphene  sheet  serves  as  
an  effective  buffering  to  accommodate  the  metal  oxide  volume  change  of  during  the  
cycling.65  CNTs  provide  robust  conductive  structure  and  fast  electron  transmission  rate  
between  metal  oxide  loaded  graphene  sheets,  even  at  high  current  densities.  Both  
graphene  sheets  and  CNTs  further  improve  the  electronic  conductivity  of  the  iron  
oxides.  The  specific  capacity  of  this  film  is  much  higher  than  that  of  each  component  
alone.  This  binder-­‐‑free  method  also  reduced  the  electrode  weight  by  eliminating  the  
extra  200%  wt.  from  Cu  foil  as  current  collector.  The  synergistic  effect  from  CNTs,  
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graphene  and  Fe3O4  demonstrated  excellent  stability  and  high  specific  capacity  
retention,  which  are  not  available  for  Fe3O4  prepared  in  slurry-­‐‑cast  method.    
2.4 Conclusions 
In  summary,  we  prepared  the  freestanding,  flexible  and  conductive  
Fe3O4/graphene/CNT  film  as  lithium  ion  battery  anodes.  The  lightweight  conductive  
films  were  tested  as  LIB  anodes  without  binder  and  metal  current  collector.  It  showed  
stable  and  reversible  a  specific  capacity  of  805  mAh/g  at  200  mA/g  in  50  cycles.  The  
effects  of  annealing  process  and  carbon  ratio  on  the  overall  electrode  performances  were  
studied.  Due  to  the  synergistic  effect  of  graphene,  CNT  and  iron  oxides,  the  composite  





     61  
  
3. Facile Synthesis of Three-dimensional Metal 
Oxide/Carbon co-Aerogel Nanostructures and Their 
Application for Energy Storage 
3.1 Introduction 
Energy  storage  is  an  important  component  for  future  renewable  energy  
applications.  Generally,  batteries,  electrochemical  capacitors  (ECs),  and  fuel  cells  are  the  
three  main  electrochemical  systems  used  in  energy  storage.1    
According  to  a  recent  review  on  energy  storage,  2-­‐‑D  electrochemical  cells  are  
fundamentally  limited  in  the  amount  of  energy  that  they  can  store  per  unit  area,  mass,  
and  volume.93  The  ideal  electrodes  would  contain  a  3-­‐‑D  interpenetrating  network  of  
electron  and  ion  pathways,  which  could  offer  major  gains  in  energy  and  power  
density.9,61  Carbon  aerogel,  a  novel  3-­‐‑D  nanostructured  electrode  material,  has  many  
interesting  properties,  such  as  ultra  lightweight,  aperiodic  continuous  porosities  (>  80  
%),  high  surface  areas  (400-­‐‑1200  m2/g),  and  good  electrical  conductivity.    
Nanoscale  electrode  materials  have  advantages  including  fast  lithium  
insertion/extraction,  large  specific  surface  area  and  shortened  Li+  transport  distance.  94,95  
One  of  the  challenges  for  nanostructured  electrodes  is  to  obtain  a  high  volume  fraction  
of  electrochemically  active  nanostructured  material  and  efficient  ion/electron  pathway  at  
the  same  time.96  Traditional  graphite-­‐‑based  anodes  for  LIBs  have  disadvantages  such  as  
high  irreversible  capacity  loss  in  the  first  cycle,  and  poor  performance  under  high  
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charge/discharge  rates.13  Nanosize  TiO2  anode  materials  are  a  promising  alternative  to  
carbonaceous  ones  in  terms  of  safety,  relatively  high  lithium  insertion  voltage,  and  
shortened  lithium  ion  transport  distance.  97,98  Chen  et  al.  reported  facile  synthesis  of  3-­‐‑D  
hierarchical  anatase  phase  TiO2  spheres  with  a  reversible  capacity  of  174  mA  h/g  after  
more  than  100  charge-­‐‑discharge  cycles  at  1  C.14  These  sphere  surfaces  were  composed  of  
ultrathin  and  large  TiO2  nanosheets  with  nearly  100%  exposed  (001)  facets,  which  lead  to  
fast  lithium  ion  insertion/desertion  process  and  the  high  Brunauer-­‐‑Emmett-­‐‑Teller  (BET)  
surface  area  around  170  m2/g.  Rohlfing  et  al.  prepared  highly  organized  mesoporous  
TiO2  films  template  from  different  amphiphilic  block  copolymers.99  Large  amounts  of  
charge  (ca.  200–250  mA  h/g)  were  reversibly  stored  in  the  KLE  /  TiO2  films  possessing  
3D  cubic  mesoporous  structure.  Kubiak  et  al.  studied  the  electrochemistry  performance  
of  anatase  TiO2  nanoparticle  networks  with  various  BET  surface  areas  (range  from  25  to  
150  m2/g)  and  pore  size  distributions.13  The  TiO2  nanoparticle  (pore  diameter  6  nm,  
crystallite  size  9  nm,  BET  surface  area  110  m2/g)  showed  capacities  of  160,  144,  and  133  
mAh/g  at  1  to  3  C  cycling  rate.  
Here,  we  presented  a  facile  sol-­‐‑gel  approach  to  synthesize  a  well-­‐‑connected  
conductive  3-­‐‑D  TiO2/carbon  aerogel  nanocomposite  structure  and  studied  their  lithium  
insertion  performances.  Our  goal  is  to  prepare  3-­‐‑D  nanostructured  electrode  material  
with  interpenetrating  electrochemical  active  metal  oxide  and  carbon  framework  in  order  
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to  improve  the  LIB  performance  in  terms  of  capacities,  fast  lithium  ion  insertion  rates,  
and  high  BET  surface  area.  
3.2 Experimental sections 
3.2.1 Carbon aerogel synthesis 
1.00  g  resorcinol  was  dissolved  in  47.1  g  water  in  a  glass  vial.  Then  1.47  g  
formaldehyde  and  2.41  g  catalyst  solution  (0.20  g  Na2CO3  dissolved  in  100  g  water)  were  
added.  Seal  the  vial  and  stir  the  mixtures  for  24  hours  with  a  magnetic  bar.  The  solution  
was  cured  in  an  oven  for  3  days  at  70  °C.  Then  the  gel  was  soaked  in  acetone  for  2  days.  
The  solvent  was  changed  3  times  in  the  first  day.  Next,  CO2  critical  point  drying  (CPD)  
was  used  to  remove  the  water  in  the  gel.  The  dried  RF  aerogel  was  collected  in  a  
crucible,  which  was  put  in  the  hot  zone  of  a  chemical-­‐‑vapor  deposition  furnace  under  
argon  (Ar)  at  the  flow  rate  300  cm3/min.  The  temperature  was  raised  from  25  to  900  °C  in  
1  hour,  and  then  maintained  at  900  °C  for  4  hours  and  finally  cooled  down  to  room  
temperature.  
3.2.2 C/TiO2 co-aerogel aerogel synthesis 
3.2.2.1  Preparation  of  resorcinol-­‐‑formaldehyde  (RF)  sol  precursor  
1.0  g  Resorcinol  (R),  1.48  g  formaldehyde  (F)  and  0.006  g  sodium  bicarbonate  in  
8.0  g  ethanol  (E)  were  mixed  in  a  glass  vial.  The  molar  ratio  of  R/E,  R/F  and  R/S  were  
0.0524,  0.5  and  200  individually.  A  10-­‐‑min  bath  sonication  was  used  to  obtain  a  
homogeneous  transparent  solution.    
     64  
3.2.2.2  Preparation  of  TiO2  (Ti)  sol  precursor  
2.84  g  titanium  (IV)  isopropoxide  (Ti)  and  9.22  g  ethanol  were  added  in  the  other  
glass  vial  at  room  temperature  and  the  molar  ratio  of  Ti/E  was  0.05.  Take  another  a  30  ml  
glass  vial,  5  ml  of  the  RF  sol  precursor  and  1.45g  HCl  (1.5M)  were  added.  Then  another  
pre-­‐‑prepared  5ml  Ti  sol  precursor  was  added,  and  followed  by  a  3-­‐‑min  bath  sonication.  
After  30  minutes,  this  transparent  solution  became  gel.  Then,  the  sealed  the  vial  and  was  
heated  in  an  oven  at  75°C  for  3  days  as  aging  process  for  the  TiO2/RF  co-­‐‑aerogel.  
Subsequently,  the  organic/inorganic  co-­‐‑aerogel  was  dried  via  CO2  CPD  method.  The  co-­‐‑
aerogel  samples  were  collected  in  a  crucible,  which  was  put  in  the  hot  zone  of  a  
chemical-­‐‑vapor  deposition  furnace  under  argon  (Ar)  at  the  flow  rate  800  cm3/min.  The  
temperature  was  raised  from  25  to  900  °C  in  1  hour,  and  then  maintained  at  900  °C  for  4  
hours  and  cooled  down  to  room  temperature.  
3.2.3 Preparation of LIB electrodes 
A  two-­‐‑electrode  Swagelok-­‐‑type  cell  was  assembled  in  a  glove  box.  A  small  piece  
of  TiO2/carbon  (TiO2:RF-­‐‑1:1)  co-­‐‑aerogel  monolith  (~  0.9  mg)  was  tested  as  a  working  
electrode.  Lithium  foils  served  as  the  counter  electrode  and  reference  electrode.  The  
electrolyte  contained  1  M  of  LiPF6  in  the  mixture  of  ethylene  carbonate  (EC),  dimethyl  
carbonate  (DMC)  and  diethyl  carbonate  (DEC)  in  1:1:1  w/w  ratio.  The  cells  were  cycled  
by  a  galvanostatic  charge/discharge  procedure.  The  voltage  ranges  we  used  were  0.05–3  
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V  and  1-­‐‑3  V  vs.  Li/Li+.  A  carbon  aerogel  monolith  prepared  at  the  same  pH  value  was  
used  as  the  electrode  in  a  control  experiment.    
  
3.3 Results and discussion 
Both  TiO2  sol  and  RF  sol  were  separately  prepared  and  then  mixed  together  
according  to  different  ratio  (Figure  46a).  Here  these  samples  are  denoted  according  to  
the  precursor  sol  volume  ratio,  such  as  TiO2:RF-­‐‑1:1.  Co-­‐‑aerogels  were  prepared  with  
different  RF  sol:  TiO2  sol  ratio.  Then  1.5  M  HCl  was  added  dropwise  to  adjust  the  pH  
value  around  1.3.  Afterward  the  glass  vial  was  sealed  air  tight  to  avoid  ethanol  
evaporation  and  cured  in  an  oven  for  5-­‐‑days  at  72  °C  (Figure  46b).  The  TiO2/organic  RF  
co-­‐‑aerogel  was  further  soaked  in  acetone  for  a  5-­‐‑hour  solvent  exchange  to  remove  the  
small  amount  of  water  (Figure  46c).  After  critical  point  drying  and  pyrolysis,  the  
TiO2/organic  RF  co-­‐‑aerogel  converted  to  TiO2/carbon  co-­‐‑aerogel  (Figure  46d).  The  
monolith  shape  was  well  maintained.    
  
Figure  46:  Optical  photos  showing  a  mixture  of  TiO2  and  RF  sol  (a),  TiO2/RF  
organic  co-­‐‑aerogel  after  5-­‐‑day  aging  under  72  °C  in  oven  (b),  solvent  exchange  in  
acetone(c),  and  TiO2/carbon  co-­‐‑aerogel  monolith  after  4-­‐‑hour  pyrolysis  under  900  °C  
in  nitrogen  atmosphere  (d).  
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After  1-­‐‑day  magnetic  stirring  at  room  temperature  in  an  airtight  glass  bottle,  
resorcinol-­‐‑formaldehyde  (RF)  solution  changed  from  transparent  colorless  to  
transparent  brown,  which  indicated  the  initiation  reaction  between  the  resorcinol  and  
formaldehyde  precursors  at  the  presence  of  catalyst  Na2CO3.  The  solution  was  heated  at  
72  °C  in  an  oven  for  1-­‐‑day,  forming  a  gel-­‐‑like  morphology.  Then  Acetic  acid  (15  wt.%)  
solution  was  added  to  increase  the  mechanical  stability.100  Another  5  days  of  heating  
under  72  °C  was  usually  required  for  further  aging  process.  Next,  the  gel  was  washed  
with  acetone  repeatedly  to  exchange  the  water  inside  the  RF  organic  aerogel.  The  critical  
point  drying  (CPD)  dried  the  RF  organic  aerogel  by  exchanging  the  acetone  with  liquid  
CO2  and  drying  the  aerogel  around  40  °C.  Here,  organic  solvent  washing  before  CPD  
was  important  because  water  from  the  original  RF  organic  aerogel  was  immiscible  with  
liquid  CO2.    Figure  47  shows  the  RF  organic  aerogel  before  and  after  CPD  treatment.  The  
shrinking  was  attributed  to  incomplete  solvent  exchange  between  acetone  and  liquid  
CO2.  Finally  the  dried  RF  organic  aerogel  was  converted  to  conductive  carbon  aerogel  
via  900  °C  pyrolysis  in  N2  atmosphere  for  4  hours.  The  BET  surface  area  of  the  carbon  
aerogel  was  896  m2/g.    
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Figure  47: Optical  photo  showing  organic  RF  aerogel  before  and  after  critical  
point  drying.  
For  TiO2-­‐‑RF  co-­‐‑aerogel  preparation  method,  both  TiO2  sol  and  RF  sol  were  
prepared  in  two  glass  vials  and  then  mixed  together  according  to  different  precursor  
ratio  denoted  as  TiO2:RF-­‐‑1:1.  Here,  ethanol  was  used  as  solvent  instead  of  water  because  
TiO2  precursor  titanium  isopropoxide  was  sensitive  to  H2O.  As  a  result,  the  acetone  
solvent  exchange  time  was  greatly  reduced  because  ethanol  is  an  organic  solvent  and  
could  easily  exchange  with  liquid  CO2  during  CPD.  We  also  chose  acidic  condition  to  
stabilize  the  sensitive  titanium  isopropoxide  and  reduce  the  RF  aerogel  gelation  time.  
Other  procedures,  such  as  heating  in  an  oven,  CPD,  and  calcination  process  were  similar  
to  that  of  the  carbon  aerogel  mentioned  above.  
Figure  48a  shows  a  piece  of  TiO2-­‐‑carbon  co-­‐‑aerogel  (TiO2:RF-­‐‑1:1)  monolith.  SEM  
image  shows  it  has  a  rough  and  porous  surface  (Figure  48d);  BET  surface  area  was  
around  437  m2/g.  After  removing  carbon  by  heating  the  co-­‐‑aerogel  in  air  at  500  °C,  the  
TiO2  materials  still  formed  a  three-­‐‑dimensional  interconnected  framework  with  a  BET  
SA  around  11  m2/g  (Figure  48a,  Figure  48c).  Similarly,  when  the  TiO2  was  removed  with  
HF  etching,  the  carbon  materials  kept  the  monolith  morphology  with  a  BET  SA  around  
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915  m2/g  (Figure  48b).  We  believe  the  TiO2-­‐‑carbon  co-­‐‑aerogel  is  composed  of  randomly  
interconnected  TiO2  and  carbon  framework  (Figure  48g).    
  
Figure  48:  Optical  images  showing  a  piece  of  TiO2/carbon  co-­‐‑aerogel  monolith  
(a),  TiO2  aerogel  after  removing  carbon  component  by  air  oxidation  at  500°C  for  5  
hours  (b),  carbon  aerogel  after  removing  TiO2  component  by  HF  treatment  for  24  
hours(c),  and  respective  SEM  pictures  (d-­‐‑f).  The  proposed  co-­‐‑aerogel  structure  scheme  
(g).  SEM  images  contributed  by  our  previous  group  memeber  Dr.  Sungwoo-­‐‑Yang.  
High  magnification  TEM  image  demonstrates  the  interconnected  TiO2  crystals  
were  wrapped  by  carbon  aerogel  (Figure  49a,  Figure  49b).  XRD  pattern  of  the  co-­‐‑aerogel  
shows  the  anatase  phase  TiO2  (Figure  49c).  Figure  49d  illustrates  the  specific  surface  area  
of  the  co-­‐‑aerogel  can  be  tuned  by  controlling  TiO2  ratio  in  co-­‐‑aerogel.  In  addition,  
thermal  gravimetric  analysis  (TGA)  shows  that  the  co-­‐‑aerogel  has  58  wt.%  of  TiO2.    
  
Figure  49:  High  magnification  TEM  images  showing  TiO2  nanocrystals  well  
mixed  in  carbon  matrix  (a,  and  b),  the  blue  arrows  marked  the  carbon  layers,  and  the  
red  circles  marked  the  TiO2  particles.    XRD  patterns  of  anatase  phase  TiO2  in  the  co-­‐‑
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aerogel  (c).  BET  surface  area  of  TiO2-­‐‑carbon  co-­‐‑aerogel  samples  with  different  TiO2  
ratio  (d).  TEM  images  contributed  by  our  collaborator  Dr.  Haiyan  Wang.  
The  electrochemical  performance  of  the  TiO2-­‐‑carbon  co-­‐‑aerogel  (TiO2:RF-­‐‑1:1)  was  
measured  by  galvanostatic  cycling  between  0.05–3  V  and  1-­‐‑3  V  vs.  Li/Li+.  Generally,  1-­‐‑3  
V  vs.  Li+/Li  window  is  used  for  pure  TiO2  based  electrode  material.  Regarding  the  TGA  
result,  this  co-­‐‑aerogel  contained  58  %  wt.  TiO2.  The  role  of  carbon  was  not  negligible  in  
specific  capacity.  Therefore  we  adopted  the  0.05-­‐‑3  V  vs  Li+/Li  window.  The  Li+  
insertion/extraction  reaction  with  TiO2  occurs  according  to  this  reaction  at  1.4-­‐‑1.8  V  vs.  
Li/Li+:    
x  Li+  +  TiO2  +  x  e-­‐‑  =  LixTiO2  
The  theoretical  specific  capacity  is  335  mAh/g,  when  x=1.  Here,  we  define  the  
scan  rate  1C  =168  mA/g  based  on  the  most  consistently  reported  max  insertion  of  Li  of  
anatase  phase  TiO2:  x=  0.5  (168  mA/g).101  Lithium  foil  was  used  as  reference  electrode  
because  it  a  stable  electrode  potential,  and  the  electrolyte  was  very  sensitive  to  oxygen  
and  water.  Therefore,  traditional  reference  electrodes  such  as  Ag/AgCl  electrode  did  not  
match  this  requirement.    
Between  0.05-­‐‑3  V  vs.  Li+/Li  at  1  C,  the  TiO2-­‐‑carbon  (TiO2:RF-­‐‑1:1)  co-­‐‑aerogel  first  
discharge  specific  capacity  was  648.7  mAh/g  (Figure  50a),  which  was  higher  than  that  of  
the  reference  carbon  electrode  (214.9  mAh/g)  (Figure  50b).  The  plateau  at  1.75  V  
indicated  the  lithium  insertion  of  the  anatase  phase  TiO2.  After  10  cycles,  discharge  
specific  capacities  for  co-­‐‑aerogel  and  the  carbon  aerogel  were  466.7  mAh/g  and  106.6  
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mAh/g.  The  irreversible  losses  were  28.1%  and  50.4%,  respectively.  Generally,  the  value  
30%  -­‐‑45%  is  normal  for  TiO2  based  material  after  the  first  cycle.66  The  specific  capacity  
was  comparable  to  reported  values  under  same  window  at  1  C.  For  instance,  carbon  
nanotube  coated  with  TiO2  nanosheets  with  320  mAh/g66.    Between  1-­‐‑3  V  vs.  Li+/Li  at  1  C,  
the  TiO2-­‐‑carbon  co-­‐‑aerogel  showed  a  specific  capacity  of  203.9  mAh/g  in  the  first  cycle  
(Figure  50d).  The  value  was  higher  than  the  theoretical  value  of  168  mAh/g  for  TiO2  
materials,  indicating  high  insertion  co-­‐‑efficient  for  the  first  cycle.  This  phenomenon  
could  be  attributed  to  abundance  surface  active  sites  for  lithium  insertion.14  
  
  
Figure  50: The  1st  and  10th  galvanostatic  charge  and  discharge  curves  of  the  
TiO2/carbon  co-­‐‑aerogel  (a)  and  reference  carbon  aerogel  (b)  at  a  rate  of  1C  (=  168  mA/g)  
in  0.05-­‐‑3.0  V  vs.  Li+/Li  window.  Scan  rate  performance  (from  1C  to  50C,  then  back  to  
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1C)  for  co-­‐‑aerogel  in  comparison  to  carbon  aerogel  (c).  The  1st  and  10th  galvanostatic  
charge  and  discharge  curves  of  the  TiO2/carbon  co-­‐‑aerogel  (d)  in  1.0-­‐‑3.0  V  vs.  Li+/Li  
window.  
The  rate  capabilities  of  TiO2-­‐‑carbon  co-­‐‑aerogel  at  charging  rages  ranging  from  1  
to  50  C  between  0.05-­‐‑3  V  vs.  Li+/Li  are  shown  in  (Figure  50c).  Notably,  when  the  current  
rate  is  reduced  back  to  1C  at  60  cycles,  the  reversible  discharge  capacity  was  stabilized  at  
~400  mAh/g.  This  superior  performance  can  be  attributed  to  (1)  High  surface  area  of  the  
TiO2/carbon_1:1  co-­‐‑aerogel  monolith,  which  favors  lithium  ion  insertion.  (2)  The  carbon  
aerogel  has  a  monolith  shape,  which  provides  strong  mechanical  stability  even  after  
high  temperature  treatment.  Unlike  traditional  electrode  preparation  method,  which  
requires  70  wt.%  active  material  powders,  20  wt.%  conductive  carbon  black  and  10  wt.%  
binder  (e.g.  PVDF)  to  prepare  the  electrode,  the  conductive  co-­‐‑aerogel  monolith  are  free  
of  carbon  additives  and  binder.  (3)  Finally,  3-­‐‑D  porous  structure  with  conductive  carbon  
skeleton  favors  lithium  ion  insertion.  
3.4 Conclusions 
In  summary,  we  successfully  prepared  RF  organic  aerogel  and  converted  it  to  3-­‐‑
D  aperiodic  carbon  aerogel  via  sol-­‐‑gel  method,  solvent  exchange,  critical  point  drying,  
and  high  temperature  pyrolysis.  We  also  introduced  metal  oxide  into  this  system,  
forming  a  monolith  TiO2/carbon  co-­‐‑aerogel  even  without  carbon  additives  (increasing  
conductivity)  and  binder.  The  monolith  morphology  was  well  maintained  even  after  
high  temperature  heating.  This  new  material  is  composed  of  interconnected  anatase  
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phase  TiO2  and  carbon  aerogel  3-­‐‑D  network,  providing  high  surface  area  (437  m2/g),  and  
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Nanostructured  Electrodes  for  Energy  Storage,  Sungwoo  Yang,  Yue  Cai,  Yingwen  
Cheng,  Chakrapani  V.  Varanasi  and  Jie  Liu,  Journal  of  Power  Sources,  2012,    doi:  
10.1016/j.jpowsour.2012.06.070.  
2.  Free-­‐‑standing  and  Highly  Conductive  Fe3O4/Graphene/CNT  Film  as  Anode  
for  Lithium-­‐‑Ion  Batteries,  Yue  Cai,  Yingwen  Cheng,  Songtao  Lu,  Hongbo  Zhang,  C.  V.  
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